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ABSTRACT
The modem, tidally influenced Mahakam Delta progrades onto the eastern 
Borneo continental shelf. The processes controlling the occurrence and preservation of 
sedimentary organic matter in a tropical deltaic setting are unknown. Understanding 
these processes has direct application in explaining the unusual origin o f oil and gas 
generated from terrestrial plant debris (rather than typically from algal remains) in many 
tropical Miocene basins.
Water salinity and dissolved oxygen, and sediment pH, Eh, and TOC were 
measured. Organic matter was extracted by acid digestion from 200 surface sediment 
samples collected from the Mahakam River, the delta, and the continental shelf. 
Seventeen types of organic particles were identified and point counted using transmitted 
light and fluorescence microscopy. Their relative proportions have characterized the 
different deltaic and shelf depositional environments.
Most of the sedimentary organic matter is derived from the delta plain vegetation 
and is highly dominated by phytoclasts (plant debris). These phytoclasts originated from 
soft-plant tissues (e.g., leaves, petioles) composed of polysaccharides (cellulose, 
hemicellulose), and are preserved chemically and structurally in subaquatic deltaic 
sediments. But, although polysaccharides are not prone to preservation in sediments, 
they survive due to climatic and hydrodynamic conditions. The tropical vegetation 
produces vast quantities of leaves year-round. Tidal actions periodically move leaves 
from the delta plain forest floor into tidal and distributary channels, where strong ebb­
tide currents carry them offshore. Because of this large input of leaves and petioles into
x
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subaquatic sediments, unique geochemical conditions have developed where organic 
matter is in excess concentration compared to the oxidants utilized by microorganisms. 
Consequently, polysaccharides are preserved in abundance in tidal channel, fluvial 
distributary, subtidal platform, delta front, and proximal prodelta sediments. Because 
preserved phytoclasts have bright fluorescent properties, these deposits are considered to 
be potentially oil-prone source rocks. Therefore, cellulosic debris derived from the 
deltaic vegetation would be the major contributor of Tertiary humic oils and gas.
For the first time a delta has been examined as a system to understand the origin, 
transport, distribution, and degradation of its sediment organic content. An innovative, 
holistic approach was successfully applied, integrating field parameters to the study of 
sedimentary organic matter.
xi
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CHAPTER 1. GENERAL INTRODUCTION
Sedimentary organic matter (SOM) is an assemblage of organic particles derived 
from once living organisms that has been incorporated into sediment. Commonly, SOM 
is a heterogeneous mixture of organic particles because it 1) includes both 
autochthonous particles derived locally from within the sedimentary basin and 
allochthonous particles introduced from outside the basin by rivers, wind, etc., 2) 
originates from living organisms, parts of organisms, secretions, or organic panicles 
formed by the decay of dead organisms, 3) is reworked from sedimentary rocks, and 4) 
is affected by microbial action and physico-chemical factors from the moment organic 
matter is produced by living organisms to the time it is incorporated into sediments 
(Durand, 1980; Hue, 1980).
In this study, the term kerogen is used synonymously for SOM. Forsman and 
Hunt (1958) defined kerogen as the fraction of organic matter dispersed in ancient 
sediment which is insoluble in organic solvents. Durand (1980) extended the use of the 
term kerogen to all sedimentary organic matter, including recent and ancient sediments, 
soils, peat, lignite, and coals. However, the term kerogen can be applied to organic 
matter of all ages (Tyson, 1995), as organic matter from both ancient and recent 
sediments show remarkable similarities (Hue, 1980). This insoluble organic fraction 
generally composes more than 95 wt. % of the organic fraction in modem sediments 
(Durand, 1980). The different fractions that constitute a sediment are represented 
graphically in Figure 1.1.
1
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Figure 1.1 Diagrams illustrating the relative proportions o f the constituents 
o f a modern sediment sample. Sedimentary organic matter (SOM) is 
primarily derived from remains o f dead organisms; however, individual 
bodies produced by organisms (palynomorphs) also contribute to the 
organic assemblages. Modified from Combaz (1980).
2
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Sedimentary organic matter analysis may be studied with chemical and optical 
methods. Organic geochemistry measures the chemical bulk composition of organic 
matter in rocks, including the type (H/C and O/C ratios) and amount (total organic 
carbon, or TOC) of organic matter useful to evaluate hydrocarbon source potential 
(Brooks. 1981). Coal petrography uses reflectance microscopy to study polished 
sections of organic particles called macerals (analogous to the term “minerals” for 
inorganic particles). Macerals are identified based on their degree of reflectance and 
their fluorescence characteristics (Diessel, 1992). In palynology, dispersed organic 
particles are concentrated after acid digestion of the mineral fraction (Combaz, 1980). 
Palynologists mainly use transmitted light microscopy to identify different organic 
particles according to biological origins and degradation levels (Hart, 1986). 
OBJECTIVES
The objective of the study is to explain the occurrence of organic matter in 
tropical fluvio-tidally influenced deltaic and shelf sediments. This objective requires an 
understanding of the organic matter 1) sources and origins, 2) distribution and transport, 
and 3) post-depositional degradation. Firstly, the subject necessitates an appreciation of 
the vegetation supplying sedimentary organic matter to the depositional environments in 
order to ascertain the original chemical composition of the organic particles (Chapter 6. 
Origin and Source of Kerogen). Secondly, the sedimentological processes that control 
SOM distribution, transport, and deposition need to be identified by the analysis of 
palynomorph concentrations (Chapter 2. Distribution of Palynomorphs) and of kerogen 
relative percentages (Chapter 4. Distribution of Kerogen). The third part investigates the 
biogeochemical factors that influence organic matter preservation (Chapter 3. Sediment
3
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and Water Geochemical Facies). Once transported and deposited, kerogen is likely to 
degrade or preserve depending on the sediment geochemical characteristics. These 
biogeochemical processes determine the alteration of plant-derived remains during their 
incorporation in sediment (Chapter 5. Degradation of Phytoclasts).
To meet the above objectives, the Mahakam Delta was extensively sampled 
from the head of the Mahakam River distributaries, through the delta plain, to the shelf 
edge. The samples provided the material on which a series of data sets were collected: 
palynological analysis of SOM, palynomorph concentrations, TOC values, lithologic 
data (sand/mud, siliciclastic/carbonate, and siliciclastic/organic matter ratios), water 
chemical data (dissolved oxygen, salinity, and temperature), and sediment chemical data 
(pH and Eh). The results of these analyses are used to investigate the interaction 
between factors controlling sedimentation, distribution, and preservation of SOM. 
Project Justifications
There are three reasons for conducting this research project.
1) To acquire basic knowledge of processes controlling the sediment content in 
terrestrially derived (humic) kerogen. This research focuses on humic organic matter 
because it dominates the Mahakam Delta system. Existing studies are generally 
descriptive (e.g.. Van Waveren, 1989; Lorente, 1990; Gastaldo etal., 1996) and do 
not address the problem of explaining the processes which control the presence of 
terrestrially derived kerogen in modem sediments.
2) To build a model for paleoenvironmental interpretation in a fluvio-tidally dominated 
deltaic setting, in a tropical area. Since the early 1980’s, palynofacies analysis 
became recognized as a tool for interpretation of deltaic paleoenvironments, such as
4
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in subsurface delta exploration (e.g., Lorente, 1986; Bellet. 1987; Gregory et al., 
1991; Oboh, 1992; Simmons et al.. 1999). In ancient depositional environments, 
SOM displays great diversity in origin, composition, relative abundance, and degree 
of preservation. However, as pointed out by Hue (1980, p.446), proper interpretation 
requires a solid understanding of processes controlling the origin, transportation, 
deposition, and degradation of organic matter in different sedimentary contexts. 
Consequently, studying modem depositional environments has the considerable 
advantage of allowing the measurement and evaluation of environmental 
parameters, such as tide, vegetation type, climate, chemical variables, etc., to be 
incorporated into a depositional model. Yet, only one study has exploited these 
advantages in deltaic settings, Hart’s (1994) investigation of the modem Mississippi 
Delta. There is, therefore, a need to develop comprehensive models in different 
deltaic settings because the parameters noted above vary among deltas.
3) To gain understanding of hydrocarbon sources from plant-bearing shales in tropical 
Tertiary Basins. Significant volume of oils and gas extracted in tropical areas (SE 
Asia, Australia, Africa, South America) are derived from terrestrial plant remains, 
rather than typically from algal remains (Fleet and Scott, 1994). But, despite 
investigation into various aspects of these oils (Combaz and De Matharel, 1978; 
Brown, 1989; Peters et al., 2000), a clear understanding of the types of organic 
matter sourcing the hydrocarbons and the conditions under which it occurs has not 
yet been achieved. The study of kerogen in a modem tropical deltaic setting, 
specifically focussed on terrestrially derived kerogen, may provide an important step 
forward in the understanding of hydrocarbon sources from humic organic matter.
5
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More specifically, it could lead to a model assessing the processes involved in the 
accumulation of plant-bearing source rocks. The Mahakam Delta has been a major 
fluvio-deltaic depocenter since the mid-Miocene, and is a significant hydrocarbon 
province in which oil and gas are mostly of humic origin (Oudin, 1987; Paterson et 
al., 1997; Peters etal., 2000).
PHYSIOGRAPHY
The Mahakam Delta is located on the east coast of Kalimantan, the Indonesian 
portion of the island of Borneo, approximately 50 km south of the equator (Fig. 1.2a). 
The delta is building into the 250 km wide Makassar Straight, between 0.2°-1.1° S 
Latitude and 116.3°-117.4° E Longitude. Immediately landward of the delta, middle 
Miocene structural uplift created the southwest-northeast trending Samarinda Hills, 
suppressing the development of a coastal plain or a lower river floodplain (Fig. 1.2b). 
West of the Samarinda Hills, the Mahakam River meanders some 250 km through a 
large, subsiding alluvial basin, characterized by domed peat-forming swamps and lakes 
(Sydow, 1996). The headwaters originate in mountainous central Kalimantan, an area 
reaching 1,200-2,000 m in elevation (Fig. 1.2b).
Drainage Basin
The surficial area of the Mahakam River drainage basin covers about 75,000 
km2, representing 1/8 of the surface of the Island of Borneo (Fig. 1.3a). The river basin 
has an equatorial climate characterized by relatively constant temperature, but some 
seasonal fluctuations in humidity and rainfall with occasional droughts (Bruenig, 1990).
6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
!100° Illff-'
—  ^ ' J f^flOTlXES;
INDOCHINA: . ^  4 4
__________iZ i   'J.-
op'*' /
-J
/  '
“BORNEO
Figure 1.2 a) Location o f  the Mahakam Delta area in East 
Kalimantan, Indonesia, b) Close up of the Mahakam River 
alluvial basin (note peat swamps and lakes), showing the 
lowlands and the surrounding highlands.
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Figure 1.3 Geologic sketch map of the Mahakam River drainage basin. Modified from Tate ( 1992) and R.B. Tate (written 
communication, 1998).
Annual rainfall varies between 2.000-3.000 mm on the coast and 4,000-5.000 mm in the 
central highlands. The average temperature is 26°C, with extremes recorded at 19° C 
and 33° C in Balikpapan (Allen et al.. 1979).
Rainfall data and drainage area suggest an average fluvial discharge of 3,000 
m7s. Based upon sediment volume of the Holocene delta platform, the average 
sediment load is evaluated at some 8 .106 m3 per year. The sediment load is muddy 
(about 70% mud and 30% sand), with silts and clays carried as suspended load and fine 
to medium sands as bedload (Allen et al., 1979). The clastic sediments originate from 
igneous and metamorphic rocks of the central highlands, and from Tertiary sedimentary 
rocks in the middle and lower regions (Van de Weerd and Armin, 1992), as illustrated 
in Figure 1.3b.
The entire drainage basin is covered by various tropical rain forests (Fig. 1.4b), 
except areas that have been deforested and cultivated (Whitmore, 1984). The tropical 
lowland evergreen rain forest, the richest in plant species, grows on dry land. It is a 
dense forest, with trees that reach 45 m or more in height. The flora is dominated by 
members of the Dipterocarpaceae family that rise above a ground vegetation of small 
trees, palms, and tree ferns. Arboreal plants support large communities of woody free- 
hanging climbers and epiphytes. The boundary between lowland and montane rain 
forest is drawn at 1,000 m (Whitmore, 1984b). With the exception of some species in 
the lowlands, the majority of gymnosperms occur on elevated areas (Poumot, 1989).
For instance, at around 1,000 m elevation, Podocarpus becomes a common constituent 
of the forest (Muller, 1966). In montane rain forest, ferns are especially prominent and
9
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Figure 1.4 Sketch vegetation map of the Mahakam River drainage basin. Modified from Whitmore (1984).
diverse because of the relatively cool and moist conditions (Tryon, 1989). Freshwater 
swamps are periodically inundated by streams or rivers, permitting at other times the 
soil to dry out. Layers of peat or organic soil a few centimeters thick may accumulate 
(Whitmore, 1984b). The peat swamp forest forms extensive domed features in the 
Mahakam River alluvial basin (Flores, 1993). Peat swamp is not subjected to flooding 
because the surface is convex and receives water solely from rainfall. The water table is 
perched and is at or close to the surface. The successive forest types occuring across 
domed peat swamps include most of the dipterocarp families of the lowland rain forest, 
especially the large dipterocarp tree Shorea albida (Anderson, 1983; Whitmore, 1984b). 
Mahakam Delta
The Mahakam Delta exhibits a very regular lobate morphology, typical of a 
mixed fluvial and tidal dominated delta. Tidal and fluvial currents are the predominant 
factors that control sedimentation processes. The delta covers approximately 5,000 km2, 
including 1,300km2 of swampy subaerial delta plain, 1,000 km2 of subtidal platform, 
and 2,700 km2 of prodelta deposits (Allen et al., 1979).
Delta Plain
Two morphologically distinctive types of channels incise the delta plain: fluvial 
distributaries and tidal channels (Fig. 1.5). Distributary channels are rather straight; tidal 
channels are highly sinuous in their upper reaches with estuarine morphology at their 
lower ends. Channels may exhibit both types of features, representing distributaries in 
the process of abandonment and conversion to tidal channels, or vice versa (Allen et al., 
1979). The Mahakam Delta has two active fluvial distributary systems directed 
northeast and southeast. The southern distributary system is the most active; the
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northern distributary system is in a waning phase (Sydow, 1996). The central part of the 
delta between these two distributary systems is a dense network of sinuous tidal 
channels. This interdistributary zone is tidally dominated and not connected to the 
fluvial distributary systems (Allen et al., 1979).
Dense tropical vegetation grows on the delta plain. Based on vegetation zones, 
the delta plain is subdivided into an upper, fluvial-dominated delta plain covered by 
tropical and mixed intermediate Heritiera littoralis forests, and a lower, tide-dominated 
delta plain covered by Nypa palm and mangrove swamps. The limit between the upper 
and lower delta plain (Allen et al., 1979) is herein modified based on extensive study of 
vegetation zonations from satellite images and field data (Dutrieux et al., 1990).
Four plant communities are distinguished within the delta plain (Fig. 1.6). A 
balance between the influx of marine and fresh waters regulates their distribution in 
successive bands. This ecosystem is physically controlled where the four vegetation 
zones are distributed along a salinity gradient (Dutrieux, 1991). The apex of the delta is 
not influenced by seawater, and is covered by a tropical lowland evergreen forest. 
Downstream, this vegetation progressively gives way to an intermediate, mixed 
hardwood and palm forest, dominated by Heritiera littoralis, which is reached by 
seawater only during exceptionally high tides. Further downstream, the vegetation is 
progressively replaced by a monospecific foest of Nypa fruticans palms, and finally by 
a coastal fringe of mangrove which colonizes accretion zones influenced by each tide 
(Dutrieux et al., 1990).
Tides are semi-diurnal and range from about 0.5 m for neap tide, 1.7 m for high 
tide, up to 3 m during equinox high tide, with an overall average tide of 1.2 m. As the
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elevation of the lower delta plain is that of mean high tide (Allen et al., 1979), it lies 
within the intertidal zones between normal low and high tide levels (cf. Fig. 1.6). Outer 
and inner intertidal zones can be distinguished based upon the frequency of flooding. 
The outer zone is submerged on a semi-diurnal basis, and is colonized by a mangrove 
vegetation that can tolerate high absolute salinity. The inner zone is fully submerged 
semi-diumally for about two weeks of the month; a vegetation of Nypa palms adapted 
to high salinity variations covers the area. The fluvial delta plain is supratidal to 
terrestrial. The mixed forest of Heritiera littoralis lies within the supratidal zone, thus 
above the normal high tide water level. Only the lower portion of the forest (elevation 
below 1.7 m) is inundated a few days a month during semi-monthly spring tides, while 
the rest may be exposed to the influence of seawater on only few occasions annually 
during the very highest spring tides at the equinox.
The subaerial delta plain presents a very flat and regular topography. A 
distinctive feature of the Mahakam Delta is the absence of alluvial levees and crevasse 
splays, relief characteristic of fluvial dominated deltas such as in the classical 
“Mississippi-type”. According to Allen (1994), overbank deposits form in response to 
seasonal high energy alluvial floods. The lack of river levees on the Mahakam Delta is 
due to an absence of such floods because of tidal effects and non-monsoonal equatorial 
climate result in a relatively constant river discharge. Indeed, that author noticed that: 
“The presence of numerous villages and houses on the bank of the river in the delta and 
upstream from the delta indicate that high energy alluvial flooding does not occur, and 
therefore that water elevation within the delta is controlled predominantly by tides.” 
(Allen, 1994, p. 17).
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Subtidal Delta Platform. Delta Front, and Prodelta
Seaward of the lobate delta plain lies the subtidal delta platform, extending to a 
maximum water depth of 5 to 10 m (Fig. 1.7). It is an intertidal to shallow subtidal 
platform 8-10 km wide sloping gently seaward, whose narrow coastal strip of 0.5 to 1.5 
km is exposed at low tide and forms a zone of extensive tidal flats (Allen etal., 1979). 
The outer limit is marked by a relatively steep break in slope topographically defining 
the outer edge of the delta, termed the delta front. The nomenclature recommended by 
Roberts and Sydow (1996) and Sydow (1996) is adopted in this study. In all previous 
work on the Mahakam Delta, the subtidal platform has been called delta front, but 
Sydow (1996, p. 46) argues that: “Delta front is really a morphological term that better 
describes the steep edge of the delta platform, and so is renamed here to subtidal 
platform environment. The proximal prodelta of Allen et al. (1979) is now the delta 
front, which is more in line with nomenclature from studies of other deltas.”
At the base of the break-in-slope of the delta front, between 30 to 40 m depth, 
the prodelta apron extends down to about 50 to 70 m water depth (Fig. 1.7). The outer 
limit of the prodelta is skewed and varies between 40 km from the shoreline in the 
southern part, 15 km seaward off the interdistributary zone, and 30 km off the northern 
part. The prodelta apron slope is gentler in the southern sector than in the central and 
northern sectors as it is fed by the more active southern distributary system, the major 
source of fluvial influx. In addition, the asymmetric sedimentation pattern also results 
from the north-south Indonesian Throughflow Current transporting mud to the south 
(Allen etal., 1979).
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Figure 1.7 Map of the depositional environments on the Mahakam shelf, showing 
mixed facies: siliciclastic, carbonate, and sediment starvation. After Sydow (1996).
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Mahakam Shelf
The offshore Mahakam Delta shelf is a mixed carbonate-siliciclastic narrow 
shelf, 40 to 80 km wide from the coastline to the continental shelf break (cf. Fig. 1.7). In 
contrast with the smooth prodelta apron on the inner shelf, the topography of the 
middle-to-outer shelf is very rugged. Because the modem Mahakam Delta is prograding 
onto the inner shelf, the facies are dominantly siliciclastic; the middle-to-outer shelf, 
however, is dominated by carbonate bioherm facies, 20 to 30 m thick, constructed by 
the calcareous green algae Halimeda (Roberts and Sydow, 1997). At a depth between 
80 to 120 m, the continental shelf is bordered by an abrupt slope created by large reef­
like buildups composed largely of coralline algae and Halimeda along the northern and 
central portions of the shelf edge (Sydow, 1996).
OCEANOGRAPHY 
Wind, Wave, and Tide
The wave energy striking the shoreline is very low as the fetch is short and wind 
velocities are weak. Consequently, wave-driven longshore drift is practically nil. During 
high tides, strong alternating tidal currents within the delta channels range from 1.5 m/s 
near the surface to 0.8 m/s near the bottom (Allen et al., 1979). These currents transport 
significant volumes of sediment and influence the sedimentology of the Mahakam Delta 
(Allen, 1994).
Indonesian Throughflow C urren t
In the Makassar Strait, the Indonesian Throughflow Current flows to the south 
year round, bathing the middle-to-outer shelf in nutrient-rich waters (Roberts and 
Sydow, 1997). The current affects the top 200 m of the water column with a mean flow
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velocity that varies from 0.15 m/s in the wet season to 0.25 m/s in the dry season 
(Eisma et al., 1989). On the inner shelf, in addition to deflecting the Mahakam River 
sediment plume to the south, the Indonesian Throughflow Current also impinges onto 
the delta front (Sydow, 1996).
Water Column Stratification
The waters of the Makassar Strait are well stratified with a strong thermocline 
dividing an upper 40 to 60 m thick mixed, warm, shallow water zone, from deeper, 
cooler waters. Deeper waters are mixed and enriched in nutrients due to the combined 
effects of the Indonesian Throughflow Current, wind induced upwelling, and internal 
tides. The latter impinges upon the continental shelf, which mixes the outer shallow 
shelf waters, bringing deeper nutrient-rich waters onto the shelf. Surface waters are 
additionally affected near the coast by a 10-15 m thick wedge of low salinity discharge 
water from the Mahakam River (Sydow, 1996, p. 14-20, and references therein). 
DEPOSITIONAL ENVIRONMENT AND SEDIMENTOLOGY
This study distinguishes twelve major depositional environments across the 
Mahakam Delta (cf. Fig. 1.5) and the offshore continental shelf (cf. Fig. 1.7). These are 
the fluvial distributary, tidal channel, delta plain (mangrove swamp, Nypa swamp, 
intermediate mixed forest, lowland rain forest), detrital peat beach, subtidal platform, 
delta front, prodelta, carbonate bioherm, and starved marine. The offshore depositional 
environments are based on categories recognized by Roberts and Sydow (1996). 
Sedimentary facies and transport processes of each sub-environment are briefly 
described in this section. Information is drawn essentially from an extensive 
sedimentological study of the modem Mahakam Delta deposits by Allen et al. (1979),
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and from the detailed stratigraphic mapping of the Holocene to late Pleistocene shelf by 
Roberts and Sydow (1996) and Sydow (1996).
Fluvial Distributary Channel
Fluvial distributary channels are generally straight, constant in width, 8-15 m 
deep upstream to 3-5 m deep at the mouth, with a meandering thalweg and asymmetric 
profile (Allen et al., 1979). Distributaries are composed of sand-mud couplet facies, 
with a seaward increase in the sand/mud ratio. Sand-mud couplets are bioturbated in the 
lower part of distributary channels (Gastaldo et al., 1995).
Sands are deposited in the fluvial channels of the upper delta plain as lateral 
accretion bars and in the lower delta plain as mid-channel bars. The erosive meandering 
thalweg forms lateral accretion bars composed of clean, massive sand at the base, 
overlain by a fining-upward sequence. As distributaries widen downstream, sands build 
elongated bars, which, as the delta is prograding, are capped by tidal flats and are 
quickly stabilized by mangrove development (Allen et al., 1979).
Within middle to lower reaches of distributary channels, hydrodynamic and 
sedimentologic processes are conditioned by differences in density flows created by 
bottom saline currents flowing upstream and surficial fresh water currents flowing 
downstream. Around the upper extent of the salt water wedge (about 25 km from the 
mouth at high tide and 5 km at low tide), the residual current at the bottom of the 
channel is zero, trapping suspended sediments. However, alternating phases of high and 
low water levels give rise to repetitive deposition and resuspension cycles, which 
consequently result in accumulation of mud-rich sediment at the distributary inlets 
(Allen et al., 1979).
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Tidal Channel
A dense network of extremely sinuous tidal channels deeply incises the lower 
delta plain (up to 20 m deep in the upper reaches). Their sinuosity and depth decrease 
downstream as the channels widen to exhibit trumpet shaped, shallow inlets (3 to 6 m 
deep). The profile is symmetric and the banks are steep. These channels are rarely 
connected to the distributary system; they serve to drain floodwater from the delta plain 
after tidal inundations. Water salinity and vertical salinity gradient are less pronounced 
than in distributary channels (Allen et al., 1979).
Because direct fluvial input is lacking, suspended load is low. Sediment 
transported in tidal channels is predominantly mud carried from fluvial distributaries by 
tidal flow over the delta plain (Allen et al., 1979). In response to tidal-induced current 
velocity fluctuations, sand-mud couplet facies are deposited, overlain by a fining- 
upward sequence where water flow within the channel becomes restricted (Gastaldo and 
Hue, 1992). Tidal channel muds are black to greenish gray, massive to weakly 
laminated, and rich in plant remains. At the channel mouths, sediments contain shell 
debris and bioturbation is important. Marine clays are occasionally found in the deepest 
portion of some tidal channels that have cut through underlying subtidal platform 
deposits (Allen et al., 1979).
Delta Plain
Changes in vegetation from the lower to the upper delta plain are a function of 
the land elevation above mean sea level created by vertical accretion. Vertical accretion 
of organic mud occurs in response to periodic tidal flooding of the delta plain (Gastaldo 
and Hue, 1992). Vegetation plays an important role in trapping sediments within the
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delta plain by damping the turbulence of tidal currents, causing widespread mud 
sedimentation between ebb and flood tide levels (Allen et al., 1979).
Swamp sediments consist of dark to light gray mottled, rooted, massive muds. 
Organic content varies from organic-rich mud to muddy-peat to peat locally. The 
uppermost 1 m contains mainly fine, fibrous root matter; deeper sections (> 1 m) 
contain layers of plant fragments (Sydow, 1996). In contrast with sediments of the 
upper delta plain, the lower delta plain soil is intensively bioturbated by crabs (Allen et 
al., 1979).
Identification and spatial distribution of floristic communities used in this study 
follows that described by Dutrieux et al. (1990) based on satellite images, aerial 
photographs, and field data. The four vegetation zones (cf. Fig. 1.6) described across the 
delta (mangrove and Nypa swamps, intermediate and lowland rain forests) are a 
function of a salinity gradient between the mouth and the apex of the delta, and of the 
amplitude of salinity variations (Dutrieux et al., 1990).
Mangrove Swamp
The mangrove pioneer species Sonneratia caseolaris colonizes sediment 
accretion zones. A diversified mangrove formation is quickly established, dominated by 
Avicennia sp., along with Bruguiera gymnorizha, Aegeciras comiculatus, the fern 
Acrostichum aureum, and occasionally Rhizophora sp. (Dutrieux et al., 1990).
Epiphytic ferns are uncommon (Chapman, 1976). Mangrove fringes along the 
interdistributary zone show signs of erosion as indicated by numerous uprooted trees on 
the shore (Dutrieux etal., 1990).
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Mangroves are the tropical equivalent of tidal salt marshes that occur in higher 
latitudes (i.e., the vegetation growing on the lower Mississippi River delta plain), but 
have very distinct physiological attributes from their temperate counterparts 
(Tomlinson, 1986). Mangroves form an intricate forest with a tangle of prop and 
aerating roots, which induces mud deposition by slowing down tidal water flow 
(Chapman, 1976). Because muddy mangrove soils tend to remain water saturated during 
exposure at low tide, they are very poor in oxygen. Consequently, man gal species have 
developed morphological adaptations, such as aerating roots, to obtain oxygen (Blasco,
1991). The mangrove forest floor is characterized by an abundance of crabs, worms, 
clams, and other fauna (Chapman, 1976). These crabs feed on fresh or decomposing 
leaf litter (Whitmore, 1984b). This diverse infauna cause vertical mixing of sediments 
to approximately 50 cm depth (Grindrod, 1988). Consequently, due to intense crab 
burrowing and translocation of oxygen by mangrove trees to their roots, mangrove 
muds are less anaerobic (Eh values between -200 to +100 mV) than those in salt 
marshes (Alongi and Sasekumar, 1992).
Nxpa Palm Swamp
Behind the mangrove, a dense, monospecific palm forest of Nypa fruticans 
occupies about 2/3 of the delta plain (Allen et al., 1979). Nypa fruticans tolerates strong 
salinity variations but not high, constant salinity, and thus is particularly well adapted to 
internal tidal-influenced delta plain environments (Tomlinson, 1986). Several other 
plant species occur in the Nypa swamp, most commonly Oncosperma tigillarum, 
Sonneratia caseolaris, and Acrostichum aureum (Caratini and Tissot, 1985).
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Extensive monospecific palm forests are produced when flooding is frequent; 
different palm genera are represented in wetlands of tropical South America, Africa, 
and Southeast Asia. The palm species involved are all particularly well adapted to soils 
waterlogged most of the year (Myers, 1990).
Intermediate Mixed Forest
Within the supratidal zone, the hardwood tree Heritiera littoralis progressively 
replaces the Nypa palms. The palm tree Oncosperma tigillarum is often present in the 
flora. Upstream, Heritiera littoralis gradually mixes with lowland rain forests species 
(Dutrieux et al., 1990), and Sonneratia caseolaris and Nypa fruticans become restricted 
to the margins of tidal channels (Gastaldo and Hue, 1992). This forest, relatively rich 
and diverse, is not considered a back mangrove swamp because of its mostly terrestrial 
nature, but forms a transitional forest between the Nypa swamp and the non-saline 
milieu of the apex area of the delta plain (Dutrieux et al., 1990).
Lowland Rain Forest
The hardwood forest growing at the apex of the delta is poorly known because 
no systematic botanical survey has been conducted. Consequently, authors have referred 
to this formation as “hardwood tropical forest” (Allen et al., 1979; Gastaldo et al.,
1993), “swamp forest” (Caratini and Tissot, 1985), or “mixed hardwood and palm 
tropical forest” (Gastaldo and Hue, 1992). In addition, the terminology cited above 
combines both the intermediate mixed forest of Heritiera littoralis and the lowland rain 
forest. Using satellite imagery, Dutrieux et al. (1990) first recognized four vegetation 
zones and defined spatially their distribution on the Mahakam River delta plain. 
Unfortunately, Dutrieux et al. (1990) referred to the floristic community as a “tropical
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rain forest”’, which is a generic term for all forest formations growing in ever-wet 
climate where there is no marked annual dry season (Whitmore, 1984). It is thus unclear 
as to which type of tropical forest is present, a lowland evergreen rain forest, a peat 
swamp forest, or a fresh-water swamp forest. Peat swamp forest is improbable because 
no autochtonous peat formations are reported. Freshwater swamps are periodically 
inundated by the backing up of river water at high tide (Whitmore, 1984b). However, 
flooding has not been documented in the upper delta plain, either because it does not 
occur or because flooding is occasional and brief. Therefore, the vegetation will be 
either lowland evergreen rain forest or freshwater swamp; but, if flooding is brief, 
freshwater swamp vegetation will resemble a lowland rain forest in composition 
(Whitmore, 1984b).
According to Dutrieux et al. (1990), the forest is diverse, and consists of 
terrestrial or freshwater species. Based on the description of lowland evergreen forest 
(Whitmore, 1984b), the floristic composition is dominated by numerous species of 
dipterocarps (Dipterocarpaceae), associated with palms and other angiosperm families. 
Sonneratia caseolaris and Nypa fruticans can occur along channel banks (Dutrieux et 
al., 1990).
Detrital Peat Beach
Due to erosion by tidal currents, the shore along tidal channel inlets provides 
abundant plant remains, which accumulate in shore-parallel ridges of finely commuted 
organic matter (Allen et al., 1979). These beaches are comparable to the “coffee- 
ground” beaches described in the Mississippi Delta (Roberts, 1986). However, the large
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volume of these deposits is peculiar to the Mahakam Delta, reaching up to several 
meters in thickness and extending over some 50 km2 (Gastaldo et al., 1993).
Within the interdistributary zone, the shoreline is prograding by accretion of 
detrital peat beaches over tidal flats. This results in a vertical transgressive sequence of 
subtidal platform mud, peaty mud, overlain by 1-2 m of plant remains (Allen et al.,
1979). Sediments are composed of river transported phytoclasts intermixed with mud. 
Both leaf and wood fragments constitute the organic content, mainly derived from 
vegetation of the upper delta plain or the drainage basin. Remains of Nypa palm laminae 
are rare, even though these plants cover about 2/3 of the delta plain. Total organic 
carbon values range from 28% to 39% (Gastaldo etal., 1993).
Subtidal Delta Platform
The largest diversity of sedimentary facies is found on the subtidal delta 
platform. Exposed at low tide, the inner portion of the subtidal platform is a zone of 
extensive tidal flats. Muds aggrading vertically are eventually exposed and rapidly 
colonized by mangrove trees; thereafter, they are stabilized by Nypa palms (Allen et al.,
1979). A particularly distinctive sediment facies characterizing subtidal platform 
environments is the bioturbated sand-mud couplet facies. The sand/mud ratio is variable 
but generally it is mud dominated, and intense bioturbation can result in complete 
sediment homogenization. Sediments are often composed of dark gray organic mud, 
with abundant plant fragments and few shell remains (Gastaldo et al., 1995).
Across the outer portion of the platform, sandy material accumulates in various 
types of channel mouth bars and subaqueous levee systems, depending on the dominant 
hydrodynamic characteristics. Sandbars are especially well developed in front of
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distributary channel mouths, where they form coarsening upward sequences from basal 
massive prodelta clays, to laminated sands, through clean, fine to medium sands. 
Between bars and subaqueous channels, and in front of the interdistributary zone, the 
subtidal platform is floored by muddy sediments (Allen et al., 1979).
Delta Front
Delta front deposits are composed almost exclusively of black, organic-rich mud 
occasionally inter-bedded with plant fragments or silt laminae. Within these sediments, 
anoxic conditions prevail, as testified by the presence of free elemental sulfur and 
siderite nodules. Microbial degradation is active within delta front and subtidal platform 
sediments, producing biogenic gas (causing acoustic wipeout on seismic profiles), 
presumably caused by the anaerobic decomposition of organic matter. Delta front 
sediments were found to be the least burrowed of all deltaic facies and poor in fauna] 
remains (Roberts and Sydow, 1996; Sydow, 1996).
Prodelta
The landward edge of the prodelta coincides with a transition from the black 
anoxic muds of the delta front to olive-green, bioturbated, fossiliferous muds of the 
prodelta. The outer edge of the prodelta apron progressively becomes more shelly 
(shelly shelf mud). Prodelta mud is deposited at a much slower rate, and experiences a 
much greater degree of bioturbation than delta front sediments (Roberts and Sydow, 
1996; Sydow, 1996).
Carbonate Halimeda Bioherms
The calcareous green algae, Halimeda, creates extensive bioherms composed of 
Halimeda flakes, loosely packed in a matrix of foraminifer-rich, mixed terrigenous and
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carbonate muds. The modem prograding delta is currently burying the inner and middle 
shelf carbonate bioherms. Cores taken within these bioherms showed that they are 
covered by a thin layer of siliciclastic mud (0.2 to 2 m thick) poor in Halimeda flakes 
(Roberts and Sydow, 1997).
Starved Marine Shelf
Starved marine shelves are regions of sediment starvation where no prodelta 
mud is deposited and no carbonate bioherms are developed. These areas are blanked 
either by a very thin layer o f Holocene fossiliferous olive-green mud or bioclastic sand, 
or have no Holocene cover at all. In the latter case, sediment starvation and/or erosive 
shelfal currents have led to areas of exposed Pleistocene deltaic deposits (Roberts and 
Sydow, 1995).
GEOLOGIC SETTING
Southeast Asia Regional Geologic Setting
The pre-Tertiary geologic evolution of SE Asia is relatively poorly understood; 
fortunately, the origin of Tertiary basins and their stratigraphy is better constrained. The 
summary below is based on several comprehensive studies of SE Asian tectonics and 
sedimentation including Hutchison (1989), Van de Weerd and Armin (1992), Hall 
(1996), and Moss et al. (1997).
Borneo is considered to be composed of at least two geologically distinct regions 
of differing age and composition. SW Borneo is part of the Sundaland Peninsula and 
consists of continental crust and Mesozoic accreted terrains, whereas North and 
Southeastern Borneo are related to Tertiary subduction, being composed of ophiolites 
and melanges. The complex geology of Borneo results from the interaction of at least
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three lithospheric plates, the largest and most important of which include the Eurasian, 
Pacific, and Indian-Australian plates. During the Tertiary, these plates have been 
moving in southeasterly, westerly, and northerly directions, respectively.
During the middle Eocene (50 Ma), the Indian-Australian plate collided with the 
Eurasian plate resulting in regional plate re-organization and the formation of the 
Kalimantan Basin. Plate adjustment also initiated rifting between Borneo and Sulawesi, 
forming the proto-Makassar Straight, and the opening of the Celebes Sea. A further 
period of plate re-organization occurred during the early/middle Oligocene as Australia 
and New Guinea collided with Asia, resulting in the segmentation of the Kalimantan 
Basin into numerous smaller basins including the Kutei Basin (see below). Rifting 
halted during the Makassar Strait in the lower Miocene and inversion of the upper Kutei 
Basin commenced. A final period of tectonic activity in the late Miocene/early Pliocene, 
resulted in the uplift of the western lower Kutei Basin deltaic deposits, and pushed the 
Mahakam Delta depocenter eastwards into the Makassar Strait.
Kutei Basin
The “greater” Kutei Basin (sensus Van de Weerd and Armin, 1992) is thought to 
rest in an aulacogen related to early Tertiary rifting of Sulawesi and Borneo. The failed 
rift acted as a focus for the Mahakam River which has in part filled the basin to a 
thickness of approximately 16 km with Tertiary sediments (Hutchison, 1989). The 
“greater” Kutei Basin is informally divided into upper and lower Kutei Basins (Van de 
Weerd and Armin, 1992).
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Upper Kutei Basin
Eocene sediments rest unconformably and onlap onto Mesozoic intrusive and 
meta-sedimentary basement. Generally, the Eocene to mid-Oligocene succession is 
comprised of a transgressive sequence of basal alluvial deposits through shallow marine 
elastics to carbonate shelf deposits surrounded by deep-water sediments. The mid- 
Oligocene is marked by a prominent unconformity overlain by a regressive sequence 
commencing with prodelta shales, terminating in non-marine elastics and coal beds 
(Fig. 1.8). The entire Eocene to mid-Miocene succession locally contains tuffs, basaltic 
flows, and volcanic breccias. The upper Kutei Basin is deeply incised and eroded due to 
basin inversion which commenced in the lower Miocene (Van de Weerd and Armin,
1992).
Lower Kutei Basin and Neogene Mahakam Deltas
All oil Helds and the present day Mahakam Delta lie in the lower Kutei Basin. 
The sedimentary succession of the lower Kutei Basin comprises a progradational, 
seaward thickening (eastwards) wedge of deltaic complexes, which reach a thickness of 
6 km in modem offshore Borneo (Van de Weerd and Armin, 1992). Neogene sediments 
thin to the west, north, and south of the axis of the modem Mahakam Delta, reflecting 
the stable position of paleo-Mahakam River deltaic complexes since the middle 
Miocene to the present date. The present day Mahakam Delta rests on four Neogene to 
Recent deltaic depocenters, the middle Miocene Samboja depocenter, the early upper 
Miocene Attaka/Bekapai depocenter, the late upper Miocene Serang depocenter, and the 
Plio-Pleistocene modem depocenter (Van de Weerd and Armin, 1992). Lower and 
middle Miocene deltaic sediments are exposed in eastern Borneo, a result of inversion
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Figure 1.8 Generalized comparative stratigraphic columns o f the Upper and Lower 
Kutei Basins related to major tectonic events. Summarized and redrawn after Moss et 
al. (1997) and Van de Weerd (1992).
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of the western lower Kutei Basin during the late Miocene to early Pliocene (cf. Fig.
1.8). Moss et al. (1997) speculate that it is these uplifted deltaic sediments and material 
derived from interior Borneo which comprise subsequent coastal plain and deltaic
complexes.
Late Pleistocene and Holocene Mahakam Deltas
Roberts and Sydow (1996) conducted a high resolution seismic and integrated 
core study of the Pleistocene and Holocene Mahakam deltas, in order to construct a 
detailed stratigraphic framework resulting from one complete sea level cycle of 
deposition. The following summarizes such a sea level cycle from a) highstand 
Pleistocene delta, through b) falling stage, c) lowstand, and d) transgressive phase to 
Holocene highstand delta.
a) The highstand Pleistocene Mahakam Delta is thought to be analogous to the Modem 
Mahakam Delta. Seismic reflection profiles show similar progradational geometries 
of the depositional lobe to the Modem delta. One depositional package may not 
necessarily occupy the entire shelf, but several lobes may stack in a shingled, 
compensatory style. The ancient highstand deltas may have poor preservation 
potential as they may be incised during subsequent sea level fall.
b) Deltas prograde in response to falling sea level, but into reduced accommodation 
space, and hence, are more restricted than in high accommodation space settings. 
Continued and accelerating sea level fall will likely further remove such deltaic 
deposits. Falling-to-early low stand deltas may be more fluvially influenced as 
rivers incise, increasing their gradient and, therefore, the efficiency of their 
distributary systems, resulting in multi-lobate delta architecture.
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c) Lowstand deltas may prograde as far as the shelf edge. Further progradation is 
prevented as sediment mass wastes down steep shelf slope gradients, distributing 
sediment to the deep sea floor as turbidity flows, debris flows, etc. In late lowstand. 
the delta platform can aggrade again in response to increasing accommodation as 
sea level begins to rise. The delta becomes more tidally influenced as fluvial 
gradient lessens, reducing the sediment transport efficiency of distributaries. Multi- 
lobate delta architecture is lost as tidal currents aid dispersal of sediment along a 
single, broad, progradational delta front.
d) During transgression, the rate of sea level rise is greater than the sediment supply, 
the shelf edge delta is abandoned, and a transgressive ravinement surface is formed. 
Three backstepping progradational units are recognized in a “pulsed” transgression 
resting on this ravinement surface. The modem (Holocene to present day) Mahakam 
Delta is the last transgressive-to-highstand unit. Carbonate Halimeda mounds also 
built upon the ravinement surface but are currently being buried by the prograding 
modem Mahakam Delta.
Paleo-Vegetation
In Southeast Asia, the majority of Miocene pollen flora is related to extant plant 
taxa (Morley, 1977). Using pollen grain determination, Muller (1981) suggested that 
75% of the present botanical families existed in the Oligocene, 95% in the Late 
Miocene, and nearly 100% in the Pliocene. Mangrove vegetation, for instance, had 
reached a degree of complexity comparable to today’s by the Miocene (Muller, 1964). 
Fossils of mangrove species have been recovered from the Eocene and Paleocene,
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including fossils of the palm Nypa and the fem Acrostichum (Chapman, 1976;
Collinson, 1993; Pole and Macphail, 1996).
Studying pollen and spores from Miocene lignite of East Borneo, Demchuk and 
Moore (1993) concluded that the original coal-forming vegetation corresponds to that of 
present coastal peat swamps of Indonesia. Anderson and Muller (1975) reached similar 
conclusions on Holocene peat and Miocene coal deposits from Northwest Borneo: there 
is a close correspondence in composition between the Holocene and Miocene swamp 
floras.
Flenley (1979) demonstrated that equatorial vegetation was affected in the 
geologically recent past as glacial Quaternary episodes were times of aridity in the 
tropics. For instance, a decrease of mean temperature by a few degrees can cause a 
significant reduction in the extent o f the lowland rain forest (Lauer, 1989). In the 
Mahakam Delta area, however, climatic variation had little impact on the coastal 
vegetation. A paly nologic study of a core covering the Holocene to Upper Pliocene 
section indicated that present day and paleo-deltaic vegetation are alike (Caratini and 
Tissot. 1988). Nonetheless, the interior mountainous vegetation seems to have 
responded to cooler temperatures during glacial periods by developing grassland or 
shrub savanna.
The Mahakam as a Hydrocarbon Province
Southeast Asia contributes about 10% of the annual world oil and gas production 
(Sladen, 1997). Oil and gas reserves in the Kutei Basin are estimated to represent 
roughly 10% of Southeast Asian major petroleum reserves (Todd etal., 1997). The 
province is unusual as the vast majority of its oil is generated from non-marine source
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rocks (Robinson. 1987; Sladen, 1997). Most Tertiary Southeast Asian petroleum has 
been derived from fluvio-deltaic source rocks, with the majority of petroleum 
originating from non-marine organic matter, either from higher land plants or from 
lacustrine freshwater algae. Fluvio-deltaic source rocks include coals and particularly 
organic-rich mudrocks. The mudrocks were deposited in lower coastal-plain, intertidal 
and subtidal delta platform environments, perhaps associated with mangrove systems. 
The latter are currently attracting great interest as possible oil-prone source rocks. Coals 
that accumulated in upper delta plain tend to be more gas-prone (Todd et al., 1997).
In the Mahakam hydrocarbon province, exploration in the vicinity of oil and gas 
seeps resulted in the discoveries of Sanga-Sanga (1897) and Samboja (1909) oil fields. 
In the 1970’s, several giant oil and gas fields (e.g., Badak, Bekapai) were discovered 
offshore and in the delta area (Duval et al., 1992). Coals and organic-rich shales 
associated with delta plain and subtidal platform facies are major Middle to Upper 
Miocene aged source rocks. The oil-generating zone, still active today, begins below
2,000 m. Reservoirs are deltaic sandstones contiguous to the source rocks; petroleum 
migration is thus largely lateral (Paterson et al., 1997; Peters et al., 2000). Most oil and 
gas reservoirs lie at depth between 1,000 to 2,500 m (Combaz and De Matharel, 1978).
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CHAPTER 2. DISTRIBUTION OF PALYNOMORPHS
INTRODUCTION
Palynomorphs are organic-walled microfossils, produced by terrestrial plants, 
fungi, or aquatic organisms (Lipps, 1993). Pollen, spores, and fungal spores are 
generally dispersed by wind or by animals, and if incorporated into a waterway system, 
they can be transported and incorporated into sediments (Jarzen and Nichols, 1996). In 
modem sediments, numerous studies have concentrated on the identification and 
distribution of species of particular palynomorph type, such as pollen (e.g., Rossignol. 
1961; Darrell, 1973; Dupont and Agwu, 1991; Brush and Brush, 1994) or dinocysts 
(e.g., Morzadec-Kerfoum, 1984; Bint, 1988; Marret, 1994; Marret and De Vernal, 
1997).
The factors that control pollen and spore content of sediment have been well 
studied in lakes and peat-forming environments, especially in temperate regions (e.g., 
Moore et al., 1991; MacDonald, 1996, and references therein). Models developed in 
such settings are not applicable to tropical deltaic setting. However, two detailed 
palynologic studies have described pollen concentrations in modem subtropical and 
tropical deltaic environments: the Mississippi Delta (DarTell and Hart, 1970) and the 
Orinoco Delta (Muller, 1959). Both works demonstrated large variations in pollen and 
spore concentrations among sample sites within an environment and an overlapping of 
concentration values among environments. Neither of these studies were aimed at 
identifying the factors regulating deposition of pollen and spores.
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This study describes the distribution of various palynomorphs occuring in 
tropical deltaic and shelf environments, in terms of their abundance and relative 
proportions. These data are used to compare the sediment content of different 
depositional settings in a tropical delta system (delta plain, fluvial distributary, tidal 
channel, subtidal platform, delta front, prodelta, starved shelf, and carbonate Halimeda 
bioherm sediments). The second goal of this work is to determine the factors that 
control the origin, distribution, and sedimentation of palynomorphs.
Factors controlling palynomorph abundance in sediments are complex. A 
number of regulating factors, such as the depositional environment, lithology, 
hydrodynamics, sedimentation rate, wind, primary productivity, TOC. proximity to 
vegetation, etc. may be involved. In terrigenous siliciclastic facies, dilution by inorganic 
and organic material supply also influences palynomorph abundance. Lastly, the study 
of palynomorph concentrations helps to understand the sedimentary processes that input 
organic matter into a fluvio-tidally influenced tropical deltaic and shelf system. 
METHODOLOGY 
Sample Collection and Location
Two hundred (200) samples were collected for palynological analysis from the 
major depositional environments of the Mahakam Delta and continental shelf. Sampling 
stations were located using the Global Positioning System (GPS) and a topographic map 
of the delta. Sampling stations are plotted in Figure 2.1, and the sample lithologies are 
shown in Figure 2.2.
The sample collection was assembled during three field seasons. Delta front, 
prodelta, and continental shelf samples were collected in 1993 during the first phase of
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figure 2.2 Distribution map or sample lithology across the Mahakam Delta and shelf area.
the offshore seismic survey by H. Roberts and J. Sydow (Coastal Studies Institutes, 
Louisiana State University). Using a box-core sampler, bottom surface sediments were 
taken, stained and preserved with ethanol-Rose Bengal solution, and stored in plastic 
jars (Sydow, 1996). Sediments from the four vegetation zones of the Mahakam delta 
plain were selected from vibrocores, acquired by H. Roberts in 1994 from VICO 
Indonesia. Fifty-one (51) samples were selected from 36 cores. One to four samples 
were collected per core, at depth between 0 to 50 cm from the soil surface. Distributary 
channel, tidal channel, subtidal platform, and coastal sediments were collected during 
the 1994 field season by J. Wrenn, L. Satchel 1, and M. Hardy (Center For Excellence in 
Palynology, Louisiana State University). Bottom surface sediments (top 20-30 cm) were 
taken using a box-core sampler. Sediments were treated with the antibiotic Zaphirine 
chloride (to prevent growth of mold and fungi), and placed in plastic jars.
Sample Processing
The goal of the sample processing technique is to produce palynologic slides 
devoid of minerals, clays, and fine organic matter (< 10 pm) with as little chemical 
treatment as possible (no oxidation, no acetolysis).
Sediments are dried, and a specific dry weight is taken for each sample (3 g for 
peaty mud, 5 g for mud and sandy mud, 7-10 g for muddy sand and carbonate mud, 15- 
40 g for calcareous mud, carbonate, and sand). Marker grain tablets (containing 
Lycopodium spores) are dissolved, stained with Safranine-O, and added prior to the first 
acid digestion for subsequent assessment of palynomorph concentrations (see 
subsection below). Calcareous samples are first treated with 10% cold HC1 overnight, 
then rinsed to neutrality. Silicates are dissolved using 48% cold HF overnight followed
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by rinsing to neutrality. The residue is sieved over 420 pm and 180 pm metal sieves to 
remove the coarse organic fraction (e.g.. organic debris too thick to be mounted on 
slides), which is further dried and weighed. The organic residue (< 180 pm) is sieved 
over a 10 pm metal sieve using an ultrasonic microprobe to facilitate the removal of 
very fine organics and clays, revealing the 10-180 pm size kerogen particles for study. 
The microprobe was used parsimoniously to prevent breakage of cellular walls and of 
palynomorphs. Four slides are prepared using poly-vinyl alcohol (PVA) as a dispersing 
agent and Cover-bond or Elvacite as a mounting medium (Jeffords and Jones, 1959). 
Concentration and Percentage Analyses
For the first count, palynomorphs are identified and counted using seven 
palynomorph categories (pollen, spores, fungal spores, microforam linings, copepod 
eggs, tintinnomorphs, and dinocysts). Marker grains {Lycopodium spores) are counted 
during the palynomorph count as an additional category. On average, 200-300 (258 ± 
99) palynomorphs are counted for each sample, in addition to the Lycopodium markers 
counted. The raw point count data are transformed into two data sets: relative 
percentages and concentrations.
All point counts are made using transmitted light microscopy (lQx oculars and a 
40x objective), and four slides per sample are scanned. Observations of particle 
fluorescence are made using incident blue light excitation on Jenalumar microscope. 
The filter set incorporates an exciter filter with a bandpass of 450-490 nm, a dichroic 
mirror, and a barrier filter with a longpass of 520 nm.
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Palynomorph Relative Percentages
For each sample, relative percentages of the seven palynomorph categories are 
calculated from their raw total counts. Percentages of terrestrial (pollen, spores, fungal 
spores) and marine (microforam linings, copepod eggs, tintinnomorphs, dinocysts) 
palynomorphs are combined into these two general categories to obtain the proportion 
of marine versus terrestrial palynomorphs in the sediments.
Palynomorph Concentrations
When palynomorph assemblages are characterized in terms of the relative 
contributions of its constituents (percentages), the subsequent interpretation can be 
highly misleading as the investigator is dealing with mutually dependent data that 
induces the problem of inherent correlations (Tyson, 1995; Swan and Sandiiands,
1995). This disadvantage can be negated by relating the data to an external reference by 
determining the number of palynomorphs per unit weight (gram) of sediment (data 
called herein the palynomorph concentration), which can be achieved by several 
processing methods (e.g., Muller, 1959; Davis, 1965; Benninghoff, 1962; Stockmarr, 
1971). Palynomorph concentration data have favorable statistical properties in that the 
values are not limited by the closed sum problem, and the data are log-normally 
distributed (Farley, 1994).
In the present study, the concentration of palynomorph types is estimated 
according to the method of Stockmarr (1971), who developed an elegantly simple 
approach. This method introduces a known number of marker grains to a weighed 
quantity of dry sediment as a standard to calculate the ratio between palynomorph 
particles and the added markers. Stockmarr (1971) devised a method of producing
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marker grain tablets containing a set number o f Lycopodium clavatum spores. The 
number of spores per tablet is estimated with a Coulter Counter and the mean and 
standard deviation provided with the tablets (these are supplied by the University of 
Lund in Sweden, see Berglund and Persson. 1995). The tablets are dissolved in 10% 
HC1 and the solution added to the weighted sediment sample prior to acid processing 
(Tipping, 1987).
Concentrations are calculated for each palynomorph category, based on the 
following proportions, where:
P = total number of palynomorph (e.g., pollen) in a sediment sample
p = number of palynomorph counted
M = total number of marker grains (Lycopodium spores) incorporated in a sediment
sample
m -  number of marker grains counted
W = dry weight in gram of a sediment sample (before processing)
— = — , thus if W > 1 g, then P = ——— 
p m m W
Maher (1981) proposed a method using parametric statistics for assigning 
confidence limits to concentration values. To minimize the confidence interval (error), 
the ratio of the number of palynomorphs to marker grains counted is critical. Roche and 
Hardy (1995) verified that the error was minimal for a ratio number of 1/1. 
Consequently, the number of marker grain tablets incorporated in each sample was 
adjusted depending upon the sample richness in palynomorphs (estimated by the author 
upon the sediment color, lithology, depositional environment, TOC values, and/or
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previous analyses). Figure 2.3 gives a few representative examples of errors (0.95 
confidence limits) associated with the calculation of pollen concentrations as computed 
using Maher’s equations (1981)
Box-and*YVhisker Plots (Boxplots)
Concentrations, percentages, and TOC data are displayed graphically as 
boxplots. The horizontal line inside the box represents the median (P5 0), the horizontal 
ends of the box the 25th and 75th percentiles (P25 and P7 5 ). The lowest data value and the 
highest data value delimit the vertical lines (whiskers) on each side of the box. Data sets 
containing outliers are individually represented (e.g., Chase and Bown, 1992) either by 
an asterisk if it is an outside value (possible outlier) or by an open circle if it is a far 
outside value (probable outlier).
Boxplots, statistical tests, and linear regression analysis are produced using the 
software package Systat (version 5.2), and maps using the surface mapping software 
Surfer (version 6.04).
Total Organic Carbon Analysis (TOC)
Total organic carbon is a measurement of the richness of sediments in organic 
matter. Total organic carbon values are reported in weight percent carbon (Jarvie,
1991), for instance, a sediment with a TOC of 1 wt. %, means that there is 1 g of 
organic carbon per 100 g of sediment.
UNOCAL provided TOC analyses for 111 samples; the study was conducted by 
S. Stout of UNOCAL, Brea, California (Wrenn et al., 1995). An additional 110 samples 
and 16 replicate samples were nm by MOBIL (Meptec, Dallas, Texas). Comparison of 
TOC results between the replicate samples showed that TOC data have a confidence
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9
intervals of ±0.2 wt. %. Both UNOCAL and Mobil labs used the Leco combustion 
method (see Jarvie, 1991, p. 114, for details on the analytical method).
Determination of Sediment Lithology
Mahakam Delta and shelf sediment samples have diverse granulometry, 
carbonate content, and organic matter richness characteristics. A classification scheme 
was designed to assign a lithology to each sample. The classification scheme (Fig. 2.4) 
combines three commonly used criteria for the description of lithologies, these include 
the sand/mud ratio, the siliciclastic/carbonate ratio, and the siliciclastic/organic matter 
ratio.
The Sand/Mud Ratio
Siliciclastic sediments are classified using Folk (1954) grain-size nomenclature. 
As sediments did not contain gravel size materials, only four groups are here recognized 
based on the proportion of sand to mud: mud (< 10% sand), sandy mud (10-50% sand), 
muddy sand (50-90% sand), and sand (> 90% sand).
The proportion of sand to mud is calculated by a weighing technique: sediments 
are dried and weighted before and after wet filtration through a 63 p.m metal sieve. Wet 
sieving consists of running tap water over the sample until clean sand size particles are 
left on the metal sieve.
The Siliciclastic/Carbonate Ratio
The offshore Mahakam Delta shelf is a mixed carbonate-siliciclastic shelf: a 
dominantly siliciclastic inner shelf and a middle to outer shelf dominated by carbonate 
bioherm facies constructed by the calcareous green algae Halimeda (Roberts and 
Sydow, 1997).
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In order to create a classification scheme that defines the transitional lithologies 
between deltaic (100% siliciclastic) and shelfal (100% carbonate) facies, three 
published classification systems (Folk, 1954; Maxwell, 1968; Williams et al„ 1982) are 
combined and adapted. Firstly, in order to assess the proportion of siliciclastic to 
carbonate materials, sediments are dried and weighed before and after dissolution of the 
sediment CaCC>3 content with 10% HC1. The classification systems of Williams et al.
(1982) and Maxwell (1968) defined the quantitative scale and nomenclature of the 
sediment carbonate fraction. Secondly, if the siliciclastic residue contains sand size 
particles, the sand/mud ratio is evaluated using the procedure described above. Folk’s 
(1954) nomenclature is then used to characterize the siliciclastic fraction of the 
sediments.
The siliciclastic fraction is predominantly comprised of mud size materials with 
the exception of 6 samples. Consequently, only six groups are here established based on 
the proportion of carbonate to mud: the mud (< 5% CaCOa), the 5-20% calcareous mud, 
the 20-40% calcareous mud, the marl (40-60% CaCC>3), the muddy carbonate (60-80% 
CaCC>3 ), and the carbonate (> 80% CaC0 3 ). This is graphically represented in Figure 
2.4.
The Siliciclastic/Oreanic Matter Ratio
Mahakam Delta plain sediments are muds intermixed with rare to abundant plant 
fragments. Total organic carbon values are highly variable, ranging from 2-45 wt. %, 
though dominantly between 3-12 wt. %. Therefore, soil taxonomy of organic soils is not 
appropriate to apply to delta plain sediments because it only distinguishes soils that 
have TOC values of at least 15 wt. % (Andriesse, 1988).
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Based on a study of sediments from the Mississippi River delta plain, Kosters
(1983) developed a classification scheme using the proportion of mud to organic matter 
to categorize sediments ranging from mud to peat. Koster’s scheme has been adapted to 
define 5 groups based on the sediment TOC: mud (< 7.5 wt. 9c), organic mud (7.5-17.5 
wt. 9c), peaty mud (17.5-27.5 wt. 9c), muddy peat (27.5-37.5 wt. 9c), and peat (> 37.5 
wt. 9c).
Because kerogen is constituted of significant amounts of other elements than 
carbon (e.g.. oxygen, hydrogen, nitrogen, sulfur), sediment organic carbon content is 
not equivalent to the sediment organic matter content (Tyson, 1995). Therefore, the 
TOC value must be multiplied by a coefficient to obtain the equivalent total organic 
matter content. Durand (1980) suggests a coefficient of 1.5 to 1.6 and soil taxonomists 
use a coefficient of 1.65, but, according to evidence from tropical peat, Andriesse 
(1988) recommends a coefficient of 2 or more. In this paper a coefficient equal to 2 is 
applied to convert the amount of organic carbon (e.g., TOC = 10 wt. %) to organic 
matter (e.g., organic matter = 20 wt. %).
DESCRIPTION OF PALYNOMORPH CATEGORIES
Seven types of palynomorphs are recognized in deltaic and shelf sediments: 
pollen, spore, fungal spore, microforam lining, copepod egg, tintinnomorph, and 
dinocyst. These are briefly defined below; full morphologic and taxonomic description 
are covered at length in such books as Traverse (1988), Head and Wrenn (1992), Lipps 
(1993), Jansonius and McGregor (1996). Palynomorphs are well preserved in all 
depositional environments studied, including the subaerial delta plain. Traces of 
bacterial degradation on the palynomorph surface are uncommon. Rhomboidal pyrite
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crystals occasionally develop inside all palynomorph types, more especially in pollen, 
spores, and fungal spores of tidal channel samples.
Tyson (1995, p. 181) distinguished three major groups of palynomorphs: the 
sporomorphs, the zoomorphs, and the phytoplankton. Palynomorphs identified in the 
Mahakam Delta sediments are here classified using Tyson’ scheme.
The Sporomorph Group (Fig. 2.5)
The definition of sporomorph is: “A general term for spore-like palynomorph” 
(Erdtman, 1947). Sporomorph is considered a useful collective term for all 
palynomorphs produced by terrestrial plants and fungi (Tyson, 1995); the term 
encompasses pollen and spores, and most of the fungal spores in this work.
The outer walls of pollen and spores, the exine. contain sporopollenin, which is 
one of the most resistant biomolecules and is susceptible to fossilization (Combaz, 
1980; Traverse, 1988). In the Mahakam Delta sediments, pollen and spores are 
generally pale yellow to yellow in color. Under blue illumination, pollen and spores 
display bright yellow to yellow-gold fluorescence.
Spore (Fig. 2.5 A-C)
The term spore here embraces mainly the reproductive entities produced by 
seedless vascular plants (pteridophytes), which includes the fems (Pterophyta) and the 
fern allies, such as Psilophyta, Lycopodophyta, and Sphenophyta (Traverse, 1988; 
Playford and Dettmann, 1996). A spore is generally a triangular to ellipsoidal, 
unicellular, hollow body bearing a trilete or a monolete mark on its wall surface and a 
range of sculptures (Playford and Dettmann, 1996).
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Figure 2.5 Illustration of the sporomorph group (spore, pollen, and fungal spore). All 
specimens at magnification x 400 (scale: 1 cm = 10 pm). Photographs taken in normal 
transmitted light.
A, B, C: Examples of spores, typically light yellow to light orange in color, samples JS- 
49, JS-20, and HWS-1/6, respectively.
D, E, F: Examples of pollen grains, typically light yellow to light orange in color, 
samples IB-4, HWS-1/2, and HWS-2/2, respectively.
G, H, I: Examples of fungal spores, typically light to dark brown in color, samples JS- 
17, JS-37, and JS-18, respectively.
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Pollen (Fig. 2.5 D-F>
Pollen are reproductive entities produced by seed plants, both angiosperms and 
gymnosperms (pine trees, flowering trees, shrubs, grasses, etc.). A pollen grain is 
generally a spherical, unicellular, hollow body presenting an array of sculptures and 
apertures on its wall surface (Jarzen and Nichols, 1996).
Fungal Spore (Fig. 2.5 G-I)
Fungal spores are sexually and asexually reproductive entities produced by fungi 
(Elsik, 1996), which may include terrestrial soil fungi, indigenous aquatic marine and 
freshwater fungi (Kohlmeyer and Kohlmeyer, 1979; Babel, 1975). Fungal spores exhibit 
a considerable variety of shape, sculpturing, and size. Cell walls are composed of 
polysaccharides, typically chitin and glucan, and may also contain melanin pigments 
that give fungal debris a brownish color (Deacon, 1997). Chitin is resistant to 
degradation, so it may be preserved and fossilized in sediments (Elsik. 1996).
In the Mahakam Delta sediments, fungal spores are predominantly brown in 
color, but others range from light to very dark brown. Under blue illumination, fungal 
spores show no fluorescence.
The Zoomorph Group
The term “ zoomorphs” is a collective term for animal-derived palynomorphs 
(Tyson, 1995), which here includes: copepod eggs, microforam linings, and 
tintinnomorphs.
Copepod Egg (Fig. 2.6 A-B)
These palynomorphs are actually the egg casings produced by planktonic marine 
crustaceans (copepods), but will be referred to here as “copepod eggs” for brevity.
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Figure 2.6 Illustration of marine palynomorphs (zoomorph and phytoplankton groups). 
All photographs taken in normal transmitted light, at x 400 (scale: 1 cm = 10 pm) or at 
x 250 (scale: 1 cm = 15 pm) magnification.
A: Common type of copepod egg casing, magnification x 400, sample 100.
B: Common type of copepod egg casing, magnification x 250, sample D10-S2.
C: Example of microforam lining, magnification x 250, sample JS-39.
D: Example of microforam lining, magnification x 400, sample 100.
E: Example of tintinnomorph, magnification x 250, sample D l-Sl.
F: Example of tintinnomorph, magnification x 250, sample D6-S4.
G: Example of dinocyst, magnification x 400, sample JS-25.
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Copepod eggs appear to be resistant to decay and are susceptible to fossilization (Van 
Waveren. 1992). Until recently with the work of Van Waveren (1992, 1993) in the 
Banda Sea, neither copepod eggs nor tintinnomorphs had been formally identified, 
described and categorized. Copepod eggs are generally spherical, 40-200 pm in 
diameter, and have smooth, alveolate, scabrate or spiny walls. They typically split open 
along their equator (Van Waveren, 1993).
The copepod eggs recovered from the Mahakam Delta shelf sediments are 
generally sub-spherical, brown, and have alveolate wall surfaces. Less commonly, 
specimen are hyaline, yellow to brownish, with smooth wall surface, vemicae, or 
processes. Copepod eggs show no fluorescence under blue light illumination. 
Microforaminiferal Lining (Fig. 2.6 C-D)
Microforaminiferal linings (microforam lining) are the chitinous, acid resistant, 
inner linings of foraminifera and microforaminifera (< 150 pm) carbonate tests, which 
remain after dissolution of the carbonate tests by HC1 during palynological treatment of 
sediment (Stancliffe, 1996). Fossilizable linings are apparently produced predominantly 
by benthic foraminifera (De Vernal et al., 1992; Mathison and Chmura, 1995).
In the Mahakam Delta shelf sediments, microforam linings vary in 
morphological form (planispiral, trochospiral, uniserial, and biserial) and chamber 
number. The chamber walls may be smooth, crenulated, or perforated (pores); they vary 
in thickness as well as in color (colorless, yellow to brown). Under blue illumination, 
most microforam linings show no fluorescence or a dull, pale yellow fluorescence.
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Tintinnomorph (Fie. 2.6 E-P)
Tintinnomorphs are chitinous structures (cysts, loricae, or stalked pouches) of 
tintinnids: planktonic ciliated protozoa that are principally marine and pelagic (Van 
Waveren. 1994). Those recovered in this study are predominantly hyaline to yellow - 
ochre in color (depending on the wall thickness), and have a smooth wall surface. They 
are 60 to > 200 pm in length, with or without calix or a single stem, and lack a collar. 
Under blue illumination, tintinnomorphs fluoresced in dull yellow-gold to light brown. 
The Phytoplankton Group
The marine phytoplankton subgroup includes organisms that have at least a 
temporary planktonic phase (Tyson, 1995), which here includes only one palynomorph 
type: the dinocysts.
Dinoflagellate Cvst (Fig. 2.6 G)
Dinoflagellates are unicellular planktic marine protists, which at some point of 
their life-cycle may form a benthic resting cyst, called dinocyst (Fensome et al., 1996). 
However, only about 10% of living species are known to produce a cyst stage capable 
of being fossilized (Evitt, 1985). These dinoflagellate species produce a cyst-stage with 
a resistant wall composed of sporopollenin-like material (Fensome etal., 1996).
Dinocysts are infrequently recovered from the Mahakam Delta shelf sediments. 
They are light yellow in color, showing a bright yellow to yellow-gold fluorescence 
under blue illumination.
ANALYSIS OF TERRESTRIAL PALYNOMORPHS
Fungal spores are present in greater amounts than spores, which are in turn 
found in higher quantities than pollen. However, concentrations of sporomorphs
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(pollen, spores, and fungal spores) vary greatly both within environments of deposition 
and lithologies. This is illustrated by displaying sporomorph concentrations in boxplots 
where 197 samples are grouped, firstly, according to depositional environments (Fig. 
2.7) and secondly, according to lithologies (Fig. 2.8). Pollen, spore, and fungal spore 
concentrations vary in remarkably parallel patterns amongst the different depositional 
environments and lithologies, with the exception of fungal spore concentrations in 
lowland rain forest sediments. Because a range of lithologies is found in each 
depositional environment, variance in sporomorph concentration values within each 
depositional environment could be related to the lithology factor.
However, there is a relationship between sediment lithology and TOC; 
generally, muds are richer in organic carbon than carbonates, and carbonates are in turn 
richer in organic carbon than sandstones (Durand, 1980; Hunt, 1996). This relationship 
is observed in the Mahakam Delta sediments, the greater the percentages of sand and of 
carbonates, the smaller the TOC values (Fig. 2.9a). This correlation is confirmed by the 
Spearman correlation coefficients calculated between values of the sediment TOC and 
CaC03 content (rs= -0.86) and TOC and sand content (rs= -0.65). These results are 
very significant as the critical values are c = 0.36 (for 31 samples containing > 20% of 
CaC03) and c = 0.29 (for 46 samples containing > 10% of sand), respectively. 
Nonetheless, TOC values also range widely within mud sediments. The majority of 
samples are muds, represented by 102 samples containing < 10% sand, < 20% CaC03, 
and < 17.5% TOC. Boxplots (Fig. 2.9b) of the TOC values in mud samples grouped 
according to their depositional environments shows that TOC values range from 2-14%
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in delta plain soils, 2-6% in fluvial distributary, tidal channel, and subtidal platform 
sediments, and 0.5-2.5% in delta front, coastal, and prodelta sediments.
In turn, there is a very strong linear relationship between TOC and sporomorph 
concentration values (Spearman’s rank correlation coefficient s= +0.91 for 189 samples). 
However, this relationship is true in some but not all depositional environments, TOC 
data are therefore used to examine the processes that determine the causes of 
sporomorphs concentration variations in sediments. This relationship may not exist 
purely because sporomorphs form part of what TOC is measuring. TOC measurements 
rather reflect the amounts of phytoclasts (plant fragments) which constitute the bulk of 
the organic matter assemblage (cf. Chapter 4 and 6). In deltaic sediments, sporomorphs 
represent less than 2% of the < 180 |im size organic fraction, while phytoclasts 
constitute > 80% of the fine (< 180 pm) and of the coarse (> 180 pm) SOM fractions. It 
is thus doubtful that sporomorphs significantly influence overall TOC values by their 
presence, and other mechanisms for explaining the TOC versus sporomorph 
concentration relationship are explored.
Linear Relationship between TOC and Sporomorph Concentrations
Linear regression analyses are undertaken to evaluate how much variance in the 
sporomorph concentration values is related to the sole TOC factor.
Sporomorph concentrations and TOC values have highly skewed distribution 
that are lognormal, thus when converted to logarithmic form, their distribution become 
nearly normal. In addition, it appears that the lognormal distribution arose because the 
random errors are multiplicative rather than additive (Davis, 1986). Figure 2.10a is a 
plot of pollen concentrations in sediments from the Mahakam Delta area against the
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sediment TOC values. In general, there is a positive association between the two 
variables; but, variation in the quantity of pollen grains in sediments increases as TOC 
values rise. However, logarithmic transformation of both variables correct this condition 
(cf. Fig. 2 .10b). This same relation is also true between TOC and the concentrations of 
spores and of fungal spores.
Three linear regression analyses are applied on 189 samples from deltaic and 
shelf environments (except detrital peat beach) to test the relationship between TOC and 
1) pollen, 2) spore, and 3) fungal spore concentrations.
Testing the Assumptions Inherent in Linear Regression Analysis
Application of the linear regression model is valid because assumptions inherent 
to the technique (normality, linearity, normality of residuals, homoscedasticity, 
collinearity) are met (Mann, 1987).
Normal probability plots provide a visual graphical method for checking the 
assumption of normality, for instance, if data are from a normal distribution, the plotted 
values will lie on a straight line (Cooper and Weekes, 1983; Swan and Sandilands,
1995). Figure 2.11 shows that the logarithmic transformed data (TOC and pollen, spore, 
fungal spore concentrations) follow approximately a normal distribution, although they 
are still slightly negatively skewed.
Linear regression analysis assumes that the underlying relation between Y 
(sporomorph concentration) and X (TOC) is linear. The assumptions of linearity, 
normality of residuals, and homoscedasticity are verified by examining residual plots 
(Cooper and Weekes, 1983; Mann, 1987). Figure 2.12 displays three scatterplots of the 
residuals (e.g., difference between observed values and predicted values or errors of
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prediction) against the corresponding predicted value of the dependant variable Y (e.g., 
concentration of pollen, of spores, and of fungal spores). Linearity appears to be valid as 
the points are randomly scattered (no pattern) above and below the zero horizontal line. 
In addition, if the residuals are normally distributed and have equal variance 
(homoscedasticity), ideally, the residua] plot should show a narrow band of randomly 
placed residual values above and below their mean of zero (Cooper and Weekes, 1983; 
Mann, 1987). Wilkinson et al. (1992) suggest that the residuals should be arranged 
within 2 to 3 units of the normalized residuals around the zero line. Residuals for the 
three concentration variables (pollen, spore, and fungal spore) have a roughly 
symmetrical distribution above and below the zero line, within 2-3 units of their 
normalized values (cf. Fig. 2.12). However, errors of prediction appear somewhat 
greater for the very low or the very hig predicted sporomorph concentration values (see 
further discussion below).
The assumption that X and Y are independent variables is often difficult to 
prove with geological data because few variables are truly independent in nature (Mann, 
1987). However, because TOC and sporomorph concentration data are obtained from 
sediment samples using totally independent processing techniques, the two variables are 
considered sufficiently independent not to invalidate results of the regression analyses.
Lastly, Pearson’s correlation coefficient (r) is computed by the Systat algorithm 
during the calculation of the regression model. Swan and Sandilands (1995) warn that 
Pearson’s correlation coefficient of two log-transformed variables should be interpreted 
with caution, because it tends to reduce scattering producing much higher coefficient 
values. This effect is, however, only moderate on the correlations between TOC and
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sporomorph concentrations, since r = 0.7-0.8 for non-transformed data and r = 0.9 for 
log-transformed data.
Removal of Outliers
Outliers samples can affect linear regression analysis. The Systat statistical 
program output on a regression model draws the attention to outlier cases. As suggested 
by Swan and Sandilands (1995, p. 166), these cases were removed and the regression 
repeated to ascertain their influence. When the correlation coefficient was improved, the 
outliers were excluded from the linear regression analysis. These outliners are five sand 
samples (4, 5 ,6, 8, 46), two calcareous sandy mud samples (86, 116), and two organic 
mud samples with very low pollen concentrations (DTC-1/2, DTC-4, cf. later discussion 
on detrital peat beach samples).
Results of Linear Regression Analyses
Results of three linear regression analyses comparing TOC and pollen, spore, 
and fungal spore concentrations are presented in Table 2.1. The equation of a regression 
line (ordinary least square methods) includes parameters of slope, constant, and 
standard error of estimate. The linear equations relate the log of sporomorph 
concentrations to the log of TOC values. The regression lines are respectively drawn on 
three log-log scatterplots (Fig. 2.13) of TOC versus pollen, spore, and fungal spore 
concentrations. Data points originate from delta plain mud, deltaic mud (distributary, 
tidal channel, subtidal platform, delta front, coastal, prodelta), sandy sediments 
(distributary, tidal channel, subtidal platform), and calcareous sediments (coastal, 
prodelta, starved shelf, Halimeda bioherm).
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Table 2.1 Results of linear regression analyses, which have for equation Log (Y) = Log (X).s + c (±se), 
where Y is the dependent variable and X the independent variable, /-student critical values (a = 0.05) for the 
significance of correlation are indicated in parenthesis (bold numbers).
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The significance of the correlation is estimated using a /-statistic, which permits 
a test of the null hypothesis (Ho) that there is no correlation between the two variables 
(cf. Table 2.1). As the probability P is < 0.05, Ho is rejected, and it is concluded that 
pollen concentrations in sediments varies with the sediment TOC content. The same 
conclusion holds for the number of spores and fungal spores in sediments. The 
coefficient of determination r2 (cf. Table 2.1) gives the proportion of the variability in 
the sporomorph concentration values that is accounted for, or explained by, the linear 
relationship with the TOC values (Chase and Bown, 1992). In other words, the TOC 
variable accounts for the majority (> 75%) of the variability in the amount of pollen, 
spores, and fungal spores amongst deltaic and shelf depositional environments (cf. 
boxplots of Fig. 2.7).
The Influence of Depositional Environments
Linear regression analysis demonstrated a strong relationship between the 
number of pollen, spore, and fungal spore grains in sediments, and the TOC in deltaic 
and shelf depositional environments (except detrital peat beach facies). However, a 
category plot (Fig. 2.14) illustrates that when considering errors of prediction, marine 
shelf (> 40% CaCOs) and lowland rain forest samples contain unusually low or high 
sporomorph concentrations. In contrast, samples from deltaic depositional environments 
have minimum errors of prediction (residuals near zero); these are tidal delta plain 
(mangrove swamp, Nypa swamp, transitional forest), subaquatic deltaic (distributary 
channel, tidal channel, subtidal platform, coastal, delta front) and prodeltaic sediments. 
Thus, deposition of sporomorphs in marine shelf (Halimeda shelf and starved shelf) and
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Figure 2.14 Category plot displaying averaged residual values resulting from the 
linear regression analyses of TOC data versus pollen, spore, and fungal spore 
concentrations. The "0" value indicates perfect prediction between TOC and 
concentration data. Averaged residual values are plotted against five categories 
of samples (grouped according to depositional environments): 1) rain forest, 2) 
deltaic (fluvial distributary, tidal channel, subtidal platform, delta front, and 
coastal), 3) delta plain (mangrove swamp, Nypa swamp, and transitional forest), 
4) prodelta, and 5) marine shelf (starved shelf and Halimeda bioherm).
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in lowland rain forest sediments follow a different model than those in deltaic 
depositional environments.
Consequently, the use of TOC in predicting the quantity of pollen, spores, or 
fungal spores is compared between the different environments. Concentration data are 
transformed in order to compare the depositional environments based on their richness 
in sporomorphs independently of the sediment TOC. In addition, because of the 
significant association between lithoiogy and TOC values (cf. as demonstrated above), 
environments are compared individually from the influence of these two major 
parameters.
Rendering Concentration Data Independent of TOC
All samples are calibrated to an identical hypothetical TOC = 1 wt. % by dividing 
pollen, spore, and fungal spore concentration values by the sample TOC value. 
Samples are grouped according to their belonging to one of six sedimentary facies:
1) terrestrial delta plain (lowland rain forest), 2) tidal delta plain (mangrove swamp, 
Nypa swamp, and mixed transitional swamp), 3) deltaic (distributary, tidal channel, 
subtidal platform, coastal, and delta front), 4) prodelta, 5) marine shelf (starved shelf 
and Halimeda bioherm) and 6) detrital peat beach. Prodelta samples are considered 
as a distinct group because, as geographically intermediate between the deltaic and 
the offshore marine facies, they may have intermediate data values.
Testing Dissimilarity between Six Sedimentary Facies
These six sedimentary facies are tested against each other to ascertain if their 
respective content in pollen, spores, and fungal spores differ statistically. The Mann- 
Whitney statistic test is applied to assess whether sporomorph concentrations are
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identical (Ho) between two depositional environments tested (the two environments 
have equal medians). The critical region is found in terms of probability (P) value. If P 
< 0.05, Ho is rejected in favor of the alternate hypothesis (Ha). and it can be concluded 
that sporomorph concentrations are statistically different between the two environments 
tested. Mann-Whitney test is chosen because it is a non-parametric test, valid to apply 
on non-normally distributed data, which is referred to as robust; that is, if significant 
differences are found, they can not be the result of artifacts or outliners (Wilkinson et 
al., 1992).
Mann-Whitney tests have been separately computed for pollen (Fig. 2.15b), spore 
(Fig. 2 .16b), and fungal spore (Fig. 2.17b) concentration data. They are presented as a 
two entry table with the sedimentary facies that are tested against each other. Pairs of 
sedimentary facies that statistically differ are shown using bold numbers. As P  values 
are generally much higher or much smaller than a  = 0.05, results are judged to show 
strong evidence in support of Ho or of Ha respectively. Boxplots indicate whether the 
amounts of pollen (Fig. 2.15a), spores (Fig. 2.16a), and fungal spores (Fig. 2.17a) are 
significantly higher or lower when pairs of depositional environments are tested.
Results and Interpretations
Using the above data analyses, the following results and interpretations are made:
1) There are no significant statistical differences between the pollen, spore, and fungal 
spore contents of deltaic and delta plain deposits, indicating that these facies follow 
thoroughly the linear model relating TOC to sporomorph concentrations. In other 
words, although delta plain sediments generally contain higher amounts of 
sporomorphs than deltaic sediments, the reason is because TOC values are also
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Figure 2. IS Pollen concentrations (numbers/g sediment) transformed 
to data independent of the sediment TOC values, by dividing each 
sample concentration value by its sediment TOC value (calibration to 
a TOC = 1 w t %). a) Boxplots o f calibrated pollen concentrations in 
six sedimentary facies: 1) rain forest, 2) detrital peat beach, 3) delta 
plain (mangrove swamp, Nypa swamp, transitional forest), 4) delta 
(fluvial distributary, tidal channel, subtidal platform, delta front, 
coastal), 5) prodelta, and 6) marine shelf (starved shelf, Halimeda 
bioherm). b) Mann-Whitney tests comparing calibrated pollen 
concentrations between the six sedimentary facies. Results are given 
in probability P  values. Bold numbers indicates statistically different 
facies (P < 0.05,95% confidence level).
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Figure 2.16 Spore concentrations (numbers/g sediment) transformed 
to data independent o f the sediment TOC values, by dividing each 
sample concentration value by its sediment TOC value (calibration to 
a TOC = 1 wt. %). a) Boxplots o f calibrated spore concentrations in 
six sedimentary facies: 1) rain forest, 2) detrital peat beach, 3) delta 
plain (mangrove swamp, Nypa swamp, transitional forest), 4) delta 
(fluvial distributary, tidal channel, subtidal platform, delta front, 
coastal), 5) prodelta, and 6) marine shelf (starved shelf, Halimeda 
bioherm). b) Mann-Whitney tests comparing calibrated pollen 
concentrations between the six sedimentary facies. Results are given 
in probability P  values. Bold numbers indicates statistically different 
facies (P < 0.05, 95% confidence level).
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Figure 2.17 Fungal spore concentrations (numbers/g sediment) 
transformed to data independent o f the sediment TOC values, by 
dividing each sample concentration value by its sediment TOC value 
(calibration to a TOC = 1 w t %). a) Boxplots o f  calibrated fungal 
spore concentrations in six sedimentary facies: 1) rain forest 2) 
detrital peat beach, 3) delta plain (mangrove swamp, Nypa swamp, 
transitional forest), 4) delta (fluvial distributary, tidal channel, 
subtidal platform, delta front coastal), 5) prodelta, and 6) marine 
shelf (starved shelf, Halimeda bioherm). b) Mann-Whitney tests 
comparing calibrated pollen concentrations between the six 
sedimentary facies. Results are given in probability P values. Bold 
numbers indicates statistically different facies {P < 0.05,95% 
confidence level).
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higher. As a result, when calibrated to a TOC = 1 wt. %, concentrations of pollen, 
spores, and fungal spores are equal in all delta plain and deltaic depositional 
environments.
2) Lowland rain forest sediments contain pollen and spore concentrations significantly 
higher than in any other sedimentary facies, but abnormally low amounts of fungal
spores.
3) Sporomorph concentrations found in detrital peat beach and marine shelf facies are 
similar, and significantly lower than in all other sedimentary facies.
4) The prodeltaic facies appears as an intermediate case because pollen and fungal 
spore concentrations significantly differ both between prodelta versus marine shelf 
samples and versus deltaic samples. In addition, boxplots indicate that the amounts 
of sporomorphs are intermediate between concentration values from the deltaic and 
from the marine shelf facies. These observation can be explained by the fact that 
sediments classified as “prodelta” comprise samples from the proximal to the distal 
portions of this sedimentary facies.
A Special Case: Detrital Peat Beach Sediment
Figure 2.18 is a scatterplot of the total sporomorph concentrations against TOC, 
fitted with a distance weighted least squares smoothing function. The method produces 
a curve, locally weighted through each point, that is especially useful when the relation 
between two variables is unknown (Wilkinson etal., 1992). The first half of the curve 
shows the positive linear association between sporomorph concentration and TOC (as 
discussed above) until TOC values reach about IS wt. %, above which the relation 
becomes inverse. Samples responsible for the change in the relationship are peat to
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Figure 2.18 Scatterplot o f the total sporomorph concentrations versus TOC 
values. A Distance Weighted Least Square (DWLS) smoothing function on 
200 samples produces a curve, which shows that the relation between the two 
variables become inverse at TOC of about 15 wt. %..
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peaty mud sediments from the detrital peat beaches (samples # 27, 89, DD2/1. DD4- 
A/2, DD5/1. DD6, DD8/1), the one muddy peat sample from the transitional swamp 
forest (sample # ATCF), and the one organic mud sample from a narrow tidal channel, 
exceptionally rich in organic matter (sample # 75).
Results of a linear regression analysis (cf. Table 2.1) substantiate that there is no 
relationship between the TOC content of these peaty sediment samples and the total 
amount of sporomorphs they contain. (In fact, it is because no linear associations were 
detected either with the pollen, spore, or the fungal spore concentrations that the three 
sporomorph variables are computed and discussed as one). The r-statistic tests the null 
hypothesis Ho that there is no correlation between the two variables; thus, as the 
probability P = 0.8, the value is > 0.05 (level of significance). Ho is not rejected, and it 
is concluded that there is no linear association.
Besides, these nine peaty samples contain significantly higher weights (244 ±
252 mg) of large phytoclasts (> 420 pm size class) per gram of sediment than the other 
delta plain (14 ± 13 mg) muds. This is confirmed by a Mann-Whitney statistic test (P = 
0.00, for 37 samples).
ANALYSIS OF MARINE PALYNOMORPHS
Although concentrations and percentages may be low, the majority of delta front 
and coastal samples, and all prodelta, starved shelf, and Halimeda bioherm samples bear 
marine palynomorphs. Thus, these depositional environments are analyzed for their 
sediment content in microforam linings, copepod eggs, tintinnomorphs, and dinocysts; 
samples devoid of marine palynomorphs were excluded from data analysis.
80
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Sparse marine palynomorph specimen are redistributed by tidal currents in lower 
reaches of fluvial distributary, tidal channel, delta plain, and subtidal platform 
sediments. Only minor percentages of marine palynomorphs occasionally occurred in 
such sediments (Fig. 2.19).
The Influence of Lithology on Marine Palynomorph Concentrations
Results of a linear regression analysis (cf. Table 2.1) substantiate that there is no 
relationship between sediment carbonate content (CaCC>3 %) and the total concentration 
of marine palynomorphs that they contain. The /-statistic value is used to test the null 
hypothesis (H o ) that there is no linear correlation between the two variables. As the 
probability P = 0.3 is greater than the confidence limit a  = 0.05, Ho is not rejected. 
Because no linear associations are detected with microforam lining, copepod egg, 
tintinnomorph. or dinocyst concentrations, the four variables are computed together. 
Distribution of Marine Palynomorphs in Depositional Environments
Both in terms of concentrations and relative percentages, marine palynomorphs 
include, in decreasing order of abundance, microforam linings, copepod eggs, 
tintinnomorphs, and dinocysts. Microforam linings and copepod eggs are, by far, the 
most common marine palynomorphs in sediments. In contrast, tintinnomorphs and 
dinocysts are both found in low amounts and proportions.
Boxplots illustrate the distribution of marine palynomorph, microforam lining, 
and copepod egg percentages (Fig. 2.20a) and concentrations (Fig. 2.20b) in coastal, 
delta front, prodelta, starved shelf, and Halimeda bioherm sediments. The variable 
called “marine palynomorphs” is the total number of the four types of marine 
palynomorphs, and their percentages represent the proportion o f marine versus
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(*) mean percentage 
X specimen found in I sample 
O specimen in < 20% samples 
O  specimen in 20-50% samples 
— none
MARINE PALYNOMORPH
Microforam
lining
Copepod
egg
Tintmno-
morph Dinocyst
Rain forest (n=7) - -
Transitional swamp (n=12) X (0.4) — — —
Nypa swamp (n=18) O (0.7) — O (0.5) —
Mangrove swamp (n=9) X (0.3) — X (0.3) —
Peat beach (n=7) O (0.8) — O (0.3) —
Upper distributary (n=I7) — — — X (0.5)
Lower distributary (n= 18) — — X (0.5) —
Upper udal channel (n=l3) O  (0.6) — — O  (0-3)
Lower tidal channel (n=18) O  (0.7) X (22) O (0.9)
Subtidal platform (n=10) 0(1 .3 ) O (0.4) O (0.4) X (0.4)
Figure 2.19 Diagram indicating the occurrence o f marine palynomorphs in deltaic 
depositional environments.
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statistically different environments (P < 0.05,95% confidence level).
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terrestrial palynomorphs in sediments. Figure 2.20c gives the results of the Mann- 
Whitney analyses separately computed for marine palynomorph, microforam lining, and 
copepod egg concentration data. Pairs of depositional environments that statistically 
differ are shown in bold numbers. The following results and interpretations are made.
1) Percentages of marine palynomorphs increase continuously toward offshore 
environments (cf. Fig. 2.20a), reflecting the steady decrease in the input of 
terrestrial palynomorphs. Still, even in the most marine facies, the percentage of 
terrestrial palynomorph is not negligible, representing on average about 40% of the 
total palynomorph assemblages.
2) Boxplots show sharp rises in the proportion of marine versus terrestrial 
palynomorphs and in the amount of microforam linings and copepod eggs in 
prodelta sediments when compared to coastal and delta front facies.
3) Mann-Whitney tests (cf. Fig. 2.20c) indicate that, further offshore of the delta front, 
the total concentration of marine palynomorphs remain about equivalent in prodelta, 
starved shelf, and Halimeda bioherm sediments (approx. 2200 ± 1400 specimen/g), 
yet trends towards lower quantities in Halimeda bioherm sediments (approx. 1600 ±
1300 specimen/g).
4) Microforam linings are the most abundant marine palynomorph, with maximum 
concentrations reaching 4000-5000 specimen/g, and relative percentages increasing 
offshore from a mean of about 10% in prodelta, to 20% in starved shelf and 50% in 
Halimeda shelf sediments. However, as demonstrated by Mann-Whitney tests (cf. 
Fig. 2.20c), microforam lining concentrations within these three depositional 
environments are alike (approx. 1500 ± 1000 specimen/g).
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5) Copepod eggs are the second most abundant marine palynomorphs. with maximum 
concentrations of about 1700 specimen/g and relative percentages averaging around 
10% in marine facies (prodelta, starved shelf and Halimeda shelf). However, 
boxplots and Mann-Whitney tests (cf. Fig. 2.20b, c) indicate that copepod 
concentrations are statistically significantly greater in prodelta and starved shelf 
sediments (approx. 640 ± 440 specimen/g) than in the Halimeda bioherm facies 
(approx. 330 ± 360 specimen/g).
6) Dinocysts and tintinnomorphs are invariably present in marine sediments in minor 
proportions (< 3%) and in limited amounts (< 400 specimen/g).
7) The long whiskers of the boxplots (cf. Fig.2.20a, b) indicate wide variations in the 
relative percentages and in the concentrations of microforam linings and copepod 
eggs from prodelta, starved shelf and Halimeda bioherm sediments. These 
variations are not associated with changes in the sediment carbonate content.
DISCUSSION O F TERRESTRIAL PALYNOMORPHS 
Introduction
This section will discuss the source of pollen, spores, and fungal spores and their 
processes of distribution and transport in the Mahakam Delta and shelf sediments.
Variation in the values of sporomorph concentrations in sediments could be the 
consequence of a number of regulating factors (e.g., environmental, lithology, 
hydrodynamic, sedimentation rate, winds, TOC); however, results indicated that the 
environmental and lithologic factors are not by themselves essential elements.
In general, the amounts of pollen, spores, and fungal spores are closely 
associated with the sediment TOC values. But, when the sediments are calibrated to a
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TOC = 1 wt. %. results show that samples from tidal delta plain (mixed transitional 
forest, Nypa swamp, mangrove swamp) and deltaic (fluvial distributary, tidal channel, 
subtidal platform, delta front, and proximal prodelta) depositional environments contain 
an equal number of sporomorphs per gram of sediment. This group mainly comprises 
samples from tidally-influenced depositional environments. In contrast, numbers differ 
significantly in terrestrial delta plain (lowland rain forest), detrital peat beach, and 
marine shelf sediments. Therefore, it is not unreasonable to conclude that transport and 
depositional processes responsible for sporomorph accumulations differ between 
environments of deposition, notably in those influenced by tide. The four types of 
depositional environments (tidally-influenced deltaic, terrestrial delta plain, detrital peat 
beach, and marine shelf) are individually discussed in separate sub-sections.
The Source of Pollen. Spores, and Fungal Spores
Pollen and spores are primarily produced by the local deltaic vegetation. For 
example, Muller (1959) demonstrated that the vegetation of the tropical Orinoco Delta 
is the principal source of pollen and spores in deltaic and offshore sediments. In 
contrast, Hopping (1967) and Streel and Richelot (1994) documented that, in Tertiary 
tropical deltas and in Mediterranean river mouths, pollen and spores are mainly derived 
from coastal and alluvial plain vegetation, as well as from remote upland (M. Streel, 
pers. com., 2000).
Mycologists have demonstrated that fungi inhabit terrestrial, freshwater, 
intertidal, shallow marine and deep oceanic environments (Kohlmeyer and Kohlmeyer,
1979). In the Mahakam Delta and shelf sediments, fungal spores are believed to be 
derived principally from terrestrial soil fungi of the Mahakam delta plain for two
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reasons. Firstly, fungal growth and activity is especially high in tropical soils due to 
favorable temperature and moisture conditions (Swift et al., 1979), and numerous 
endemic fungi species have been described in mangrove and Nypa swamps soils (Hyde, 
1992; Jones and Alias, 1997). Secondly, fungal spores from our samples are brownish 
to dark brown, which appears to indicate their terrestrial origin. Most terrestrial fungi 
produce air-borne spores that are shielded from ultraviolet rays by melanin pigments in 
their walls. Upon exposure to light, the fungal spores become pigmented and brown in 
color (Deacon, 1997). Lastly, four-armed fungal spores typically produced by 
freshwater fungi (Deacon, 1997), have not been found in the delta sediment samples.
Terrestrial palynomorphs are thus allochthonous particles introduced into 
subaquatic depositional environments by means of water and wind transport. The 
processes of their transport and distribution are examined below.
Tidally-Influenced Deltaic Depositional Environments
The environments influenced by tidal currents include the delta plain swamp 
forests (mixed transitional forest, Nypa swamp, mangrove swamp), the middle to lower 
reaches of fluvial distributary, tidal channel, subtidal platform, delta front, and proximal 
prodelta. These environments comprise a large variety of lithologies, such as mud, 
sandy mud, muddy sand, organic mud, peaty mud, and carbonate mud (up to 40% 
CaCC>3). In addition, sedimentation rates vary from about 400-800 cm/Ka in delta front 
facies, to 200-400 cm/Ka in distributary and tidal channels, 150-300 cm/ka in subtidal 
platform and proximal prodelta, and to 50-100 cm/Ka in delta plain swamps (Gastaldo 
and Hue, 1992; Gastaldo et al., 1995; Sydow, 1996).
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Samples originating from such diverse depositional environments, lithologies, 
and sedimentation rates, are nonetheless linked by a common characteristic. Equal 
numbers of pollen (±3,000 grains), spores (±5,000 grains), and fungal spores (±10,000 
grains) are found per unit TOC. Consequently, these concentration values are 
interpreted as a number of grains per gram of sedimentary organic matter (SOM) rather 
than per gram of sediment. This approach is fundamental to understanding the close 
variation of sporomorph concentration with the amount of organic matter contained in 
sediments. Any relationships between sporomorph concentration and either lithology or 
sedimentation rate should have been revealed more evidently, and thus these factors 
may explain more subtle variations in concentration values.
Model of Sporomorph Production. Transport and Deposition
The relationship between the amount of SOM (expressed by TOC values) and 
the sporomorph content of this organic matter reveals a constant number of pollen, 
spores, and fungal spores per gram of organic matter in all tidally influenced deposits. 
The processes that might explain this relationship are discussed below using three 
theoretical schematic models (Fig. 2.21 A, B, C).
1) Figure 2.21 A. Pollen, spores, and fungal spores are produced by the delta plain 
vegetation. Caratini and Tissot (1985) identified pollen and spore species of 20 surface 
sediment samples from the Mahakam Delta distributaries and subtidal platform. They 
reported that the vast majority of the taxa are produced by the delta vegetation with only 
minor input (< 1 %) from the hinterland mountain vegetation. Similarly, the vegetation 
of the Orinoco Delta is the principal source of pollen and spores in deltaic and offshore 
sediments (Muller, 1959). In addition, in mangrove and marine sediments of the Gulf of
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Figure 2.21 Schematic models o f sporomorph production and transport into a tidally- 
influenced deltaic system.
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Thailand, pollen and spore taxa are also autochthonous and upland plant pollen are rare
(Somboon, 1990).
In tropical forests, pollen grains are dispersed and deposited close by their parent 
flowers, as pollinisation and dispersal of pollen grains is generally assured by animals 
(Jordan, 1993). In contrast, wind-pollinated plants produce many more pollen or spore 
grains than animal pollinated plants (Jarzen and Nichols, 1996), such as the abundant 
ferns that grow in lowland rain forests (Whitmore, 1984b). Mangrove plants are almost 
exclusively pollinated by animals, with the exception of Rhizophora (Tomlinson, 1986). 
Amongst the most common mangrove species of the Mahakam delta plain, Sonneratia 
caseolaris, the palm Oncosperma, and the fern Acrosticum aureum are fairly large 
pollen and spore producers. Rhizophora produce pollen in abundance, but these trees 
are only found studded throughout the forest. Avicennia sp. and Nypa fruticans produce 
little pollen, but as these plants compose a notable part of the flora, their pollen occur 
regularly in sediments in low percentages (Muller, 1964; Dutrieux et al., 1990).
The transport distance of pollen and spore within forested areas depends on the 
forest structure, however, it rarely exceed 25-50 m from the parent plants (Raynor et al., 
1976; Jarzen and Nichols, 1996). A ten-year pollen trapping study in a tropical rain 
forest of northern Australia showed that most pollen grains were derived locally, either 
from the forest canopy or from species growing within 10 m of the pollen traps 
(Kershaw and Strickland, 1990).
The Mahakam Delta region has a wet, equatorial climate, characterized by high 
humidity and rainfall year-round (Bruenig, 1990). As the most effective mechanism to 
remove almost all suspended particles from the air is rain (Moore et al., 1991; Deacon,
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1997), pollen, spores, and fungal spores, along with other dust particles, are collected by 
rain droplets as they fall to the forest floor. Pollen produced within the tree canopy, or 
emerging from ground vegetation, can be carried along by air currents above the canopy 
itself (Moore et al., 1991). Thus, in a wet tropical climate, sporomorphs are not carried 
a great distance by air, as a large proportion is deposited on ground litter (leaf, stem, 
etc.) and on standing vegetation around the source plants when it rains (Holmes, 1994).
In the Mahakam Delta plain, sporomorphs suspended in the air are derived from 
nearby vegetation. Nonetheless, pollen and spores are carried over relatively short 
distances and taxa originating from different vegetation zones overlap. This is 
illustrated by three air filters placed in the Mahakam Delta area in a study by Caratini 
and Tissot (1985). The air traps collected sporomorphs in the following proportions: 1) 
a profusion of fungal spores (higher quantity than both pollen and spores), 2) fem 
spores are very abundant, 3) pollen from the intermediate and rain forest taxa are found 
in relatively high percentages, 4) Avicennia and Nypa are under-represented, and 5) 
very minor allochthonous grains (hinterland).
At the apex of the delta plain, a lowland tropical rain forest has developed, 
consisting of a rich and diverse vegetation. As epiphytic ferns grow in abundance in 
such forest (Whitmore, 1984b), much of the spores collected could have originated from 
the rain forest. Fungal activity is high in tropical forest soil and the terrestrial fungi 
produce air-borne spores in large quantities (Deacon, 1997), it is therefore not suprising 
for fungal spores to be abundant in the air traps.
2) Figure 2.2 IB. The sediment load of the Mahakam River is predominantly 
muddy (70%), consisting o f silts and clays carried suspension (Allen et al., 1979). In the
91
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
latter part of the flood tide phase, the water level starts rising in the swamps. Because 
the Mahakam Delta plain vegetation is very dense and covers a wide area, water 
currents within the swamps are very small. The high vegetation density leads to high 
friction, which slows down the water flow, and traps silts and clays (Wolanski et al., 
1992). In response to periodic tidal flooding, vertical accretion of organic mud occurs 
(Gastaldo and Hue, 1992). Due to spring-neap tidal cycles, the outer intertidal zone of 
the delta plain (mangrove swamps) are inundated more frequently than the inner 
intertidal zone of the delta (Nypa swamp), the supratidal zone (transitional mixed 
forests) being submerged only occasionally.
3) Figure 2.21C. Water circulation in tidal channels differs from that in swamps. 
Because of the dense swamp vegetation, a tidal prism develops at flood tide, which 
results in strong ebb flow currents in the tidal channels. Mangrove forests incised by 
intricate tidal creeks are characterized by a pronounced asymmetry in the flow rate 
between the ebb and flood tides. Frictions through the swamp vegetation slow the flow 
of the flood tide. By the time the high tide reaches the heads of the channels, the tide 
starts falling at the mouth. This produces a water slope that accelerates the water back to 
the channel mouths at the turn of the tide, resulting in a flushing out of materials into 
the sea. It appears that fragments from mangrove litter (leaves and seeds) constitute the 
bulk of the outwashing of organic materials from the swamps to channels (Wolanski et 
al., 1992, and references therein). In the Mahakam Delta, because of the absence of 
alluvial levees (Allen et al., 1979), ebb flow water can also be drained into the fluvial 
distributaries within the lower delta plain. Thus, plant fragments with the pollen, spores,
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and fungal spores that were deposited on the swamp floor are swept out into tidal and 
distributary channels where they are incorporated into the suspended load.
In the Mahakam Delta, the bulk of sedimentary organic matter (reflected in TOC 
values) consists of fine fragments (< 500 p.m) of soft plant tissues, such as leaves, 
petioles, rootlets, etc. (cf. Chapter 4). About 2/3 of these organic fragments are 
considered to originate from swamp plant litter (cf. Chapter 6), and compose the 
dominant type of organic matter in deltaic facies.
Organic fragments and palynomorphs behave in the same manner as mineral particles of 
similar density (Traverse, 1994); once incorporated into the water flow, palynomorphs 
are rapidly waterlogged, and become part of the suspended load (Holmes, 1994). Pollen, 
spores, and fungal spores are hydrodynamically equivalent to silt size particles, with a 
density of 1.4-1.5 g cm'3 for pollen and spores and of 1.02-1.5 g cm'3 for fungal spores. 
In addition, the density of soft plant tissues also appears to be comparable, with values 
of 1.1 -1.4 g cm'3 for leaf and stem tissues of Spartina (density values reported in Tyson, 
1995, p.464; Jarzen and Nichols, 1996). Consequently, pollen, spores, fungal spores and 
soft plant tissues should exhibit similar hydrodynamic behavior to that of silt particles, 
and thus tend to sediment with them in the mud fraction.
During the ebb tide phase, organic litter from the swamp floor is swept into 
channels, incorporated into the suspended flow, and transported downstream. Because 
litter fragments (soft tissues), pollen, spores, and fungal spores have densities slightly 
greater than unity, these suspended organic particles will sink in calm water. Such 
conditions occur during slack water periods. During the next high tide phase, flood
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currents, which are weaker than ebb currents, probably resuspend some of the 
previously deposited mud and transport the materials back upstream in the channels.
However, it appears that mixing and homogenization of organic particles, 
through phases of deposition-resuspension and subsequent upstream and downstream 
transport, remain limited. Three independent observations, which when combined seem 
to support this hypothesis. Firstly, different pollen and spore specie assemblages in 
surface sediments from the Mahakam Delta distinguish successive deltaic zones 
(Caratini and Tissot, 1985). This observation implies limited mixing and 
homogenization during the tidal cycles. Secondly, palynomorphs extracted from 
sediments of this study are well preserved, exhibiting no evidence of pollen 
deterioration by corrosion and mechanical damage due to extended water transport 
(Havinga, 1964; Moore et al., 1991) in oxidizing and high-energy conditions (Playford 
and Dettmann, 1996). Sporomorphs present exines in generally good condition, 
suggesting limited transport and residence time within the oxic water column. Lastly, in 
a detailed palynology study of an estuary system (Chesapeake Bay, eastern USA), 
pollen taxa were found to settle out after a short distance of transport from the source 
(local vegetation) once incorporated into estuarine waters (Brush and Brush, 1994). 
Although the hydrodynamic setting is different from the Mahakam Delta, tidal currents 
influence the transport of particles by successive deposition-resuspension cycles. 
However, tidal reworking is limited, and sporomorphs are generally deposited close to 
their source in muddy tidally influenced environments. An explanation could be that 
muds are difficult to erode once deposited because of the electrostatic cohesivity of clay 
particles which tend to stick together, especially under saline conditions (Leeder, 1999).
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To conclude, net deposition of organic matter relatively close to the site of entry', and 
after a limited time of transport in the water column, could result.
The swamp surface is covered by plant litter (mainly soft plant tissues) that 
constitutes the bulk of the sediment TOC. If a relatively homogenous dispersion of 
sporomorphs over the swamp surface is assumed, then a constant number of pollen, 
spores, and fungal spores should be found per gram of litter or per gram of sedimentary 
organic matter. Sporomorph concentration results indicate just such a relationship. This 
is true for swamp sediments and those for which the input of organic matter originates 
mainly from tidal processes.
Lowland Tropical Rain Forest
Processes of transport and deposition of sporomorphs in the tropical rain forest 
differ from those of the tidally influenced environments. At equivalent TOC (calibrating 
all sediments to a TOC = 1 wt. %), the numbers of pollen and of spores were 
significantly higher than in tidally influenced sediments (about 3x more pollen and lOx 
more spore grains). In addition, the proportion of pollen and spores represents between 
8-15% of the total organic assemblage, but < 2% in deltaic sediments (cf. Chapter 4). 
The positive relationship between pollen and spore concentrations and TOC could be 
explained by a third factor, the sedimentation rate.
The lowland rain forest is located at the apex of the delta. It is never influenced 
by seawater, and the lack of river levees indicates no, or only brief, seasonal alluvial 
flooding (Allen et al., 1979; Allen, 1994). Consequently, a slower sedimentation rate 
may be expected in this environment, reducing dilution of the pollen and spore influx by 
siliciclastic particles. The lack of alluvial flooding and tidal inundation implies that
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pollen and spore input are mostly autochthonous, and deposited onto the rain forest soil 
by rain fallout. As the floristic community of a tropical, wet, evergreen forest is rich in 
epiphytic ferns and tree ferns (Whitmore, 1984b), it is thus not suprising to find spores 
present in the highest abundance (> 100,000 spores/g of sediment) of all environments.
Unusually low amounts of fungal spores are deposited in lowland forest soils. 
One explanation is that, as tannins and flavonoids are inhibitory to fungal growth 
(Cooke and Rayner, 1984), and because tropical forest has the peculiarity to produce a 
wide range of such substances (Golley, 1983b), less intense fungal activity would 
consequently decrease the production of air-borne spores. However, the study of 
phytoclast assemblages (cf. Chapter 5) demonstrated that degradation processes are 
particularly intense in these soils, resulting in the preservation of only the most resistant 
molecules. Therefore, it is suspected that decay affects fungal spores because their cell 
walls are constituted of less resistant polysaccharides (Tegelaar et al., 1989), thereby 
resulting in under-representation in soils.
Detrital Peat Beach Sediments
The processes that lead to the deposition of sporomorphs in sediment very rich 
in organic matter (peaty mud to peat) are peculiar. These are the only sediments to show 
a negative relationship between sporomorph concentration and TOC values. In 
comparison with other tidally influenced sediments, the numbers of pollen, spores, and 
fungal spores are significantly lower, about 7-10 times less grains at equivalent TOC 
(after calibrating all sediments to a TOC = 1 wt. %). In addition, sediments are 
distinguished by containing a high quantity of coarse plant fragments (> 420 pm).
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The negative relationship between pollen and spore concentrations and TOC 
could be explained by sorting and dilution effects. Firstly, in detrital beach 
environments, sorting and reworking of plant fragments by wave action winnows out 
mud-sized particles from the sediment (Allen et al., 1979; Gastaldo et al.. 1993), which 
includes siliciclastic, sporomorph, and fine organic particles. Therefore, the better 
sorted the sediments are, the less mud there is, the higher the TOC, and the lower the 
sporomorph concentration in these sediments. Secondly, the coarse litter content of the 
two delta plain peaty samples could be caused by a locally higher accumulation rate of 
organic matter, resulting in the dilution of the sporomorph influx by coarse plant debris 
influx.
Marine Shelf Sediments
The marine facies includes sediments of the distal prodelta, the starved shelf and 
the carbonate Halimeda bioherm. Sediments generally contain over 40% carbonates, 
and comprise marls, muddy carbonates, and carbonates. Although there is a positive 
relationship between the sporomorph concentrations, and the sediment richness in 
organic matter (TOC), marine samples contain unusually low numbers of pollen, spores, 
and fungal spores (comparing sediments calibrated to a TOC = 1 wt. %). This 
observation could be explained by the fact that in marine environments, sediment TOC 
consists of a mixture of organic matter both of terrestrial (allochthonous) and of marine 
(autochthonous) origins. Thus, as the contribution of TOC from terrestrial-derived SOM 
is “diluted” by marine organic matter, the number of sporomorph per unit TOC is lower 
than expected.
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Relative percentages of marine palynomorphs increase gradually offshore from 
the delta front area, as both sporomorph percentages and concentrations decrease, 
reflecting the reduction in terrestrial input. In modem sediments, a similar pattern 
showing a decreasing gradient of sporomorph abundance offshore and roughly parallel 
to the coast is found in several locations, such as offshore from the eastern North 
America coast (Heusser, 1983), from nearshore to the carbonate platform of western 
Puerto Rico (Dreyfus et al., 1971), and offshore from the Orinoco Delta to a starved 
shelf regime (Muller, 1959). However, there is a sharp decline in the proportion of 
terrestrial to marine palynomorphs in prodeltaic compared to delta front sediments. This 
could be attributed to changes in the sedimentation rate. At the steep outer edge of the 
delta platform, tidal currents are significantly reduced due to deepening of the water 
column (Sydow, 1996). As a result, sudden increased accommodation space triggers the 
sedimentation of mud size particles, removing a large fraction of sporomorphs from the 
suspended matter because of their equivalent hydrodynamic behavior (Jarzen and 
Nichols, 1996).
Therefore, processes of sporomorph distribution and deposition differ near the 
delta front and proximal prodelta areas from that of tidally influenced environments. 
Once tidal currents have faded, different factors are responsible for the dispersion of 
fine, terrestrially derived organic matter deposited across the shelf with fine siliciclastic 
particles. The work of Eisma et al. (1989) illustrates a process by which fine particles 
are transported and sedimented from the Mahakam River sediment plume. Water 
sample analyses indicated that suspended matter concentrations varies between 2-0.5 
mg/1 on the inner shelf and 0.5-0.3 mg/1 on the outer shelf. Eisma et al. (1989) showed
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that suspended matter is present as large, fragile floes. The organic matter in the floes is 
of marine planktonic origin. The formation of these floes is related to suspended matter 
concentrations and to planktonic organisms that produce sticky substances to glue 
panicles together. As floes aggregate to larger size, suspended matter from the plume 
settles out and is deposited on the sea floor (Eisma, 1990). In addition to siliciclastic 
materials, these large floes may also incorporate fine organic matter, such as 
sporomorphs from the river plume.
DISCUSSION OF M ARINE PALYNOMORPHS
The following section will discuss the production of microforam linings, 
copepod eggs, tintinnomorphs, and dinocysts and their distribution and potential 
preservation in shelf sediments.
Primary Productivity and Nutrient Richness on the Shelf
The offshore Mahakam Delta shelf is a mixed carbonate-siliciclastic shelf, 40 to 
80 km wide from the coastline to the continental shelf break. The topography of the 
middle to outer shelf is very rugged, and is dominated by 20 to 30 m high carbonate 
bioherms constructed by the calcareous green algae Halimeda. Because the modem 
Mahakam Delta is prograding onto the inner shelf, it is currently burying the inner and 
middle shelf carbonate bioherms with a thin layer of siliciclastic mud (Roberts and 
Sydow, 1997).
Primary productivity on the shelf is high, as indicated by the abundance of 
planktonic organisms and nutrient data (Eisma, 1990). The nutrient-rich continental 
shelf waters are supplied from three possible sources: the Indonesian Throughflow 
Current, the upwelling of deep nutrient-rich water, and by Mahakam River water. In the
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Makassar Strait, the Indonesian Throughflow Current flows to the south year round, 
bathing the middle to outer shelf in nutrient-rich waters, and also impinges onto the 
delta front. The waters of the Makassar Strait are well stratified, with deep, cool waters, 
enriched in nutrients. Internal tides and/or upwelling impinge upon the continental shelf 
bringing deep nutrient-rich waters onto the shelf (Sydow, 1996, and references therein 
p. 14-20; Roberts and Sydow, 1997). Surface waters arc additionally affected by a low 
salinity plume from the Mahakam River that stretches some 400 km to the southeast 
into the Makassar Strait (Eisma et al., 1989).
Concentrations of marine palynomorphs are comparable in all shelf 
environments, supporting the assumption that shelf waters are rich in nutrients. 
Nonetheless, marine palynomorph concentrations tend toward lower values in Halimeda 
bioherm sediments. This observation could be attributed to the higher accretion rate of 
carbonate bioherms (Roberts et al., 1987; Roberts and Sydow, 1997), compared to that 
of the prodelta and starved shelf, enhancing dilution of organic matter by inorganic 
matter.
However, the large variation in the percentage and concentration of marine 
palynomorphs within the same depositional environment, which are unrelated to the 
sediment carbonate content, are possibly due to shelf floor reworking. In a 
micropaleontological study of surface sediments from the Mahakam Delta shelf, Sen 
Gupta and Maul (1995) reported the extensive reworking and transport of foraminifera 
tests. In addition, during mapping the offshore distribution of palynofacies, Satchel! and 
Wrenn (1995) noted discrepancies in distribution patterns due to subsurface faulting 
around the outer margin of the prodelta.
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The Microforam Linings
Microforam linings are chiefly produced by benthic foraminifera (De Vemal et 
al., 1992). On the Mahakam Delta shelf, the sharp rise in microforam lining 
concentrations in prodelta sediments, compared to delta front sediments, can be related 
to changes in the benthic foraminifera association (calcareous tests). Carbonel and 
Moyes (1987) observed that benthic foraminifera association becomes very rich and 
diversified where fully marine conditions are established, in the delta front and in 
particular the prodelta areas.
Sen Gupta and Maul (1995) studied benthic foraminifera from the Mahakam 
shelf sediments (prodelta, starved shelf, and carbonate Halimeda facies). They 
identified two major assemblages: a muddy marine assemblage (composed of species 
that prefer nutrient-rich substrates) and a typical carbonate-bank association. These two 
associations are not reflected in variations in the amounts of microforam linings; 
concentrations are comparable in shelfal sediments. However, peaks of maximum 
concentrations (up to 4,000-5,000 specimen/g) are sometimes found both in prodelta 
and in carbonate Halimeda sediments. These high concentrations do not occur in 
samples from the starved shelf area, probably because conditions are not optimal for 
either of the two benthic foraminifer associations.
Microforam linings thus appear to be a reliable indicator of marine conditions, 
their concentrations and relative percentages declining sharply nearshore. This same 
trend is illustrated in several palynological studies of modem sediments. For instance, in 
the Java Sea, microforam linings are relatively abundant on the shelf (15-45% of the 
palynomorph assemblage), but are less frequent at the vicinity of deltas (Van Waveren,
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1989). Off the Orinoco Delta, microforam linings are absent within 15 km along the 
littoral zone (delta to prodelta), and are widely distributed offshore, with concentration 
ranging between 50-700 specimen/g of sediment (Muller, 1959). High concentrations of 
microforam linings are associated with nutrient-rich water (Traverse, 1988); this 
explained variations in their quantities (100-1,000 specimen/g) in carbonates from the 
Great Bahamas Bank (Traverse and Ginsburg, 1966). Similarly, in the Gulf of 
California (Cross et al., 1966) and offshore West Africa (Melia. 1984), maximum 
concentrations occurred in areas of upwelling of nutrient-rich water (up to 3,000-6,000 
specimens/g). These values are similar to those found in shelfal sediments of the 
Mahakam Delta, with somewhat higher concentrations in the carbonate sediments 
{Halimeda bioherms).
However, microforam linings can also be found in brackish to saline marshes 
and mangroves sediments. In thin sections of southern Florida peats, microforam linings 
were present, the calcareous tests being often dissolved away due to the acidic 
conditions of the peat environments (Cohen and Spackman, 1977). In marshes of the 
Mississippi Delta plain, microforam linings may be proportionally important, up to 10- 
20% of the total palynomorph assemblage (Chmura, 1994). On the lower Mahakam 
Delta plain, microforam linings were rarely observed in Nypa and mangrove swamps. 
The Copepod Eggs and Tintinnomorphs
Copepod eggs have been reported in modem shelf sediments adjacent to deltas 
in the Java Sea (Van Waveren, 1989) and north-east of the Orinoco Delta (Caratini et 
al., 1975). In the Banda Sea sediments, Van Waveren (1992) first identified these 
palynomorphs as envelopes o f copepod eggs and described 20 distinctive morphotypes.
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She recognized two groups of morphotypes that reflect geographical variations in 
nutrient regimes. One group, dominated by septo-tectate and murate morphotypes, is 
associated with the upwelling regime that is characterized by seasonally alternating 
oligotrophic and eutrophic conditions (Van Waveren, 1993). A variety of copepod egg 
morphotypes have been found in sediments of the Mahakam Delta shelf, but the 
alveolate morphotypes dominate (murate, septo-tectate, alveo-reticulate). However, no 
systematic identification and counting has been made.
Van Waveren’s work (1993) of surficial deep-sea sediment of the Banda Sea 
(60-6,000 m depth), showed that organic remains were to a large extent derived from 
zooplankton. mainly from cope pods and copepod eggs. The Banda Sea is influenced by 
seasonal upwelling of cool nutrient-rich waters and massive nutrient supply by rivers, 
resulting in high planktonic productivity. In palynomorph assemblages of the Mahakam 
Delta shelf sediments, the benthic constituent (microforam lining) is greater than the 
zooplanktonic constituent (copepod eggs), while in the Banda Sea sediments, the 
zooplankton is proportionally dominant (-60%). In both cases, the phytoplanktonic 
organic constituent (dinocysts) plays a subordinate role. Van Waveren and Visscher 
(1994) concluded that areas of high productivity can accumulate organic carbon derived 
from primary consumers. Comparably, in the Mahakam Delta shelf, marine organic 
remains that accumulate are to a large extent derived from zooplanktonic and benthic 
organisms.
As in the Banda Sea surface sediments (Van Waveren, 1994), tintinnomorphs 
proportionally represent a minor proportion of the palynomorph assemblage. However,
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Van Waveren (1994) discovered a wide variety of tintinnomorphs, which are not 
present in the Mahakam shelf sediments.
The Lack of Dinocysts
Dinocyst are present within the mud size fraction of most marine sediments, 
including outer to inner continental shelf, and intertidal zones, from the equator to the 
poles (Harland, 1988). In addition, deltaic-marine environments off large rivers are also 
reported to be associated with high percentages of dinocysts (Mudie and Harland, 
1996). for example shelf sediments off the Rhone Delta (Morzadec-Kerfoum, 1984) and 
off the Orinoco Delta (Muller, 1959). In subtropical, neretic conditions, high species 
diversity of the dinocyst assemblages has been found in surface sediments from 
southern Indian Ocean (Marret and De Vernal, 1997) and from Mermaid Sound in 
northwestern Australia (Bint, 1988). Consequently, dinocysts were expected to be found 
in abundance in Mahakam shelf sediments; however, dinocysts were encountered 
infrequently. Both concentrations (< 200 specimen/g) and relative percentages of 
palynomorph assemblages (< 3%) are always low.
Dinocysts were also recovered in small number from modem sediments of other 
tropical areas, for instance, from the Banda Sea (Van Waveren, 1993) and from the Java 
Sea (Van Waveren, 1989). Low dinocyst concentrations (200-600 cysts/g of sediment) 
were found in the vicinity of the Niger Delta (Marret, 1994), and no dinocysts were 
recovered from estuarine mangrove sediments from Southern India (Caratini et al., 
1973).
Two possible causes may explain the scarcity of dinocysts in Mahakam Delta 
shelf sediments. The first could be due to the lack of encystment of dinoflagellate
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species living in the Mahakam Delta shelf waters. Dinoflagellates are major primary 
producers in most marine environments (Mudie and Harland, 1996): but, there is no 
simple relation between the abundance of planktonic dinoflagellates in water columns 
and the number of cysts in sediments (Dale, 1976). Only about 10% of dinoflagellates 
species produce fossilizable cysts (dinocysts) as part of the organism life cycle (Evitt, 
1985). The formation of a cyst is a period of dormancy which allows dinoflagellates to 
over-winter and produce a new population when water temperature, insolation, and 
nutrient concentrations are enhanced (Harland, 1988). Thus, because many of these 
factors show limited variation in tropical regions (Tyson, 1995), cyst production occurs 
less frequently in tropical species than in temperate species (Edwards, 1993).
The second cause could be that dinoflagellates play a subordinate role as primary 
producer in the euphotic zone of these tropical seawaters. This hypothesis is supported 
by the findings by Van Waveren (1993) in the Banda Sea. In marked contrast with 
major upwelling systems of the Atlantic, Pacific, and Indian Oceans, relative to 
diatoms, dinoflagellates play a minor part in the Banda Sea ecosystems. In addition, 
Eisma et al. (1989) showed that, the low salinity plume off the Mahakam Delta contains 
suspended matter in large floes, and that the floe organic content of marine planktonic 
origin is mainly diatoms. However, many dinoflagellates associated with deltas and 
areas of high productivity of diatoms are heterotrophic, feeding on diatoms, and thus 
should abound where diatoms are prolific (J. Wrenn, pers. com., 2000).
There is an inconsistency between the proportions of dinocysts found in modem 
sediments of the Mahakam Delta shelf and in older Pleistocene to Holocene core 
sediments (MISEDOR core, 638 m deep). According to Caratini and Tissot (1988), the
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maximum sea-level transgression phase (about 5,000 yr. BP) is marked by a peak in the 
proportion of dinocysts versus sporomorphs (> 50% dinocysts). The percentages of 
dinocysts then decrease to 0% in the upper portion of the core, as a result of deltaic 
shoreline progradation. During the Pliocene-Pleistocene, dinocysts percentages are 
mostly low, varying from 0% to 10% with a peak of 20%. The paradox is that 
palynological results based on modem sediments are not necessarily analogous to 
results from just slightly older sediments originating from comparable depositional 
environments. Speculatively, the dinocysts peaks could either mark low stand periods 
during which more marked seasonal temperatures were favorable to dinoflagellate 
encystment, or, difference in the marine ecosystem were more conducive to 
dinoflagellate productivity, perhaps due to more unstable marine conditions. 
Preservation Potential of Marine Palynomorph Assemblages
The marine palynomorph assemblages of the Mahakam Delta shelf, derived 
mostly from planktonic and benthic animals, is unlikely to have a high preservation 
potential. Two factors support this assumption: 1) insufficient productivity and 
sedimentation rate, associated with 2) marine aerobic sediments.
Firstly, the quantity of copepod eggs present in bottom sediments is much 
smaller in the Mahakam Delta shelf (200-1700 eggs/g) than in the Banda Sea (10,000-
100.000 eggs/g) sediments (Van Waveren and Visscher, 1994). Most 
biomacromolecules originating from planktonic organisms are not prone to preservation 
in sediments (Emerson and Hedges, 1988). Copepod eggs, microforam linings, and 
tintinnomorphs are chemically characterized by a high polysaccharide content (Van 
Waveren and Visscher, 1994); but, polysaccharides are considered to have a low
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preservation potential (Tegelaar et al., 1989). Accordingly, Van Waveren and Visscher 
(1994) conclude that preservation of a labile organic matter assemblage in Banda Sea 
sediments is due to high productivity in combination with high sedimentation rates. 
However, rates of productivity and accumulation appear to differ significantly on the 
Mahakam shelf. Whether this is the result of lower productivity of copepods 
(zooplankton) or of lower accumulation rate than in the Banda Sea is unknown.
Secondly, the Mahakam continental shelf is bathed in oxic bottom waters, so 
that bottom sediments are aerobic. This condition is established using model generated 
curves from Makassar Strait waters, from which dissolved oxygen values of bottom 
water can be predicted from temperature and water depth data (Ffield and Gordon,
1992). As Sydow (1996) measured CDT (conductivity, depth, temperature) profile casts 
of the shelf, that author’s temperature and depth values are plotted against Ffield and 
Gordon’s curves to provide assessment of the dissolved oxygen at 25 to 100 m of water 
depth.
Distal prodelta and starved shelf sediments are bioturbated, fossiliferous, olive 
green muds (Sydow, 1996). Labile organic matter deposited in aerobic sediments under 
relatively slow sedimentation rates (approximately 20 to < 10 cm/Ka), are unlikely to be 
preserved. Thus, open marine shelf facies of subsurface deposits may consist of low 
concentrations of pollen, spore, and dinocysts (chemically particularly resistant to 
degradation). These assemblages would be dominated by pollen and spores. The higher 
sedimentation rates of proximal prodelta deposits (approximately 150-300 cm/Ka), 
exhibit a lower degree of bioturbation (Sydow, 1996), possibly resulting in increased
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preservation of marine palynomorph assemblages. These would consist mainly of 
pollen, spores, fungal spores, microforam linings and copepod eggs.
CONCLUSIONS
Seven types of palynomorphs are identified in the Mahakam Delta and shelf 
sediments: pollen, spores, fungal spores, microforam linings, copepod eggs, 
tintinnomorphs, and dinocysts. Palynomorphs are well preserved in all depositional 
environments studied.
The distribution and abundance of terrestrial palynomorphs depends upon the 
predominant sedimentary process active in the various depositional environments. 
Therefore, conclusions regarding pollen, spore, and fungal spore distribution are related 
to the factors that regulates their deposition. However, as marine palynomorphs are 
produced in the basin (autochthonous), their distribution and abundance are related to 
their depositional environments.
Terrestrial Palynomorphs
1) Pollen, spore, and fungal spore concentration values display similar profiles of 
variation amongst samples of different depositional environment and lithology. This 
observation indicates that, as allochthonous particles, pollen, spores, and fungal 
spores have a similar hydrodynamic behavior.
2) The amounts of pollen, spores, and fungal spores fluctuate greatly, but these 
variations cannot simply be explained either by the depositional environment or by 
the lithology.
3) There is a general positive relationship between the pollen, spore, and fungal spore 
concentrations in sediments, and the sediment richness in organic matter (TOC),
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especially significant in tidally influenced depositional environments (mixed 
transitional forest, Nypa swamp, mangrove swamp, fluvial distributary, tidal 
channel, subtidal platform, delta front, and proximal prodelta).
4 ) In characterization of an environment of deposition by sporomorph concentrations, 
it is the depositional processes rather than the environmental setting that is most 
important. There are four groups of environments for which the transport and 
depositional processes responsible for sporomorph accumulations differ. These 
include, tidally influenced environments, detrital peat beach, lowland rain forest, 
and marine shelf environments.
5) Tidally-influenced environments comprise: delta plain swamp forests (mixed 
transitional forest, Nypa swamp, and mangrove swamp) distributary channels, tidal 
channels, subtidal platform, delta front, and proximal prodelta. In these sediments, 
the number of pollen, spores, and fungal spores are intimately associated with the 
sediment TOC, regardless of the depositional environment, lithology, and 
sedimentation rate. This relationship implies that there is a constant number of 
pollen, spores, and fungal spores per gram of organic matter (or TOC). The 
processes regulating sporomorph production, transport, and deposition explain this 
relationship.
6) Pollen, spores, and fungal spores are produced by the delta plain vegetation, are 
deposited nearby the parent source, and become part o f the surface soil litter. When 
pollen, spores and fungal spores are dispersed in the air, they are soon deposited in 
the swamps by being washed out of the atmosphere by the frequent tropical rain. 
Delta plain swamps are inundated periodically during flood tides, incorporating
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siliciclastic muds with the organic matter covering the swamps. Because of the 
dense vegetation and the high silt and clay content of the Mahakam River suspended 
load, tidal currents are slowed down over the swamps, resulting in mud deposition. 
However, at the turn of the tide, strong ebb flow currents develop in tidal channels, 
flushing out organic materials from swamp surface to the sea. In addition, as there 
are no alluvial levees along fluvial distributaries, water can also be drained, and 
organic materials flushed out, through the middle to lower parts of distributary 
channels. In the Mahakam Delta, it has been demonstrated (cf. Chapter 4 and 6) that 
the bulk of sediment organic matter (TOC) consists of soft plant tissues. Leaf 
fragments, other plant remains, and sporomorphs covering the swamp floor are 
swept out and incorporated into tidal and distributary channels. Once in the water 
column, as soft plant tissues, pollen, spores, and fungal spores have equivalent 
hydrodynamic behavior to silt particles, these organic particles will deposit together 
at slack-water periods, with limited subsequent resuspension.
7) In lowland rain forest sediments, the input of pollen and spores is mostly 
autochthonous. This environment, located at the apex of the delta, is isolated from 
tidal flooding, causing minimum dilution and export of pollen and spores by 
siliciclastic particles, resulting in slow sedimentation rate. Thus, at equivalent TOC, 
the numbers of pollen and of spores are significantly higher that in tidally influenced 
sediments (about 3x more pollen and lOx more spore grains). The amounts of fungal 
spores, however, are low.
8) Peaty sediments from the detrital peat beaches show a negative relationship between 
sporomorph concentrations and TOC, which is unique in the delta. In detrital peat
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beach, wave action removes mud size siliciclastics plus the hydrodynamically 
equivalent organic and sporomorph particles from the sediments, resulting in the 
accumulation of coarse plant fragments.
9) Marine shelf environments consist of the distal prodelta, the starved shelf, and the 
Halimeda bioherm sediments. As tidal currents are reduced, due to deeper water 
near the delta front and proximal prodelta areas, muds are deposited along with a 
large fraction of the sporomorphs in the suspended matter due to equivalent 
hydrodynamic behavior. This relationship explains the sharp decline between the 
proportion of terrestrial to marine palynomorphs occuring in prodeltaic sediments. 
In addition, the number of sporomorphs per unit TOC is lower than expected 
because of a “dilution" effect as sedimentary organic matter becomes a mixture of 
terrestrial (allochthonous) and marine (autochthonous) origins.
Marine Palynomorphs
1) Relative percentages of marine palynomorphs increase gradually offshore, as both 
the sporomorph percentage and concentration decrease simultaneously.
2) Once in fully marine conditions, concentrations of marine palynomorphs are 
comparable in various shelf environments (prodelta, starved-shelf, Halimeda 
bioherm), which may be an expression the overall nutrient-rich waters of the shelf.
3) The marine palynomorph assemblages are to a large extend derived from 
zooplanktonic and benthic animals. Concentrations and percentages of the benthic 
constituent (microforam linings) are always higher than the zooplanktonic 
constituent (copepod eggs).
I l l
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4) Phytoplanktonic constituents (dinocysts) play a subordinate role in the marine 
palynomorph assemblages. The scarcity of dinocysts may be caused by the lack of 
encystment of dinoflagellate species in these tropical seawaters.
5) Microforam linings and copepod eggs are reliable indicators of marine conditions, 
as their concentrations and relative percentages decline sharply nearshore.
6) The preservation potential of marine palynomorphs deposited in distal prodelta and 
starved shelf sediments is probably poor. In the modem environments, the marine 
palynomorph assemblages are essentially derived from animal microfossils, whose 
organic walls are constituted of relatively labile molecules (polysaccharides). Thus, 
analogous subsurface shelf facies could be lacking marine palynomorphs because 
labile organic matter, deposited in aerobic, bioturbated sediments, under relatively 
slow sedimentation rate, are unlikely to be preserved.
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CHAPTER 3. SEDIMENT AND WATER GEOCHEMICAL FACIES
INTRODUCTION
This chapter describes the Mahakam Delta in terms of its geochemical 
characteristics, in order to relate the degree of organic matter degradation to the 
environment of deposition (cf. Chapter 5). In each depositional setting, the geochemical 
conditions control the composition of the biotic communities (Tyson and Pearson. 1991; 
Bromley, 1996), which are in turn responsible for the degradation of organic matter 
(Golley. 1983; Swift and Anderson, 1989).
Similarity between Wetland Soils and Subaquatic Sediments
The biogeochemical systems of the unconsolidated subaquatic sediments of this 
study share many common characteristics with those of wetland soils. Ponnamperuma 
(1972) used the term subaquatic soil for such sediments because the bacterial 
populations, processes, and composition are similar to those of soils. The most 
important characteristic of subaquatic soil is the replacement of air by water in pore 
spaces, resulting in oxygen restriction due to the slow rate of dissolved O2 diffusion 
from the overlying water into the sediment (O2 diffusion rate in water is approximately
10,000 times slower than in air).
Subaquatic soils are divided into an upper aerobic layer at the sediment-water 
interface (SWI) and an anaerobic layer below (Fig.3.1a). Because O2 is the preferred 
oxidizing agent used by microorganisms, O2 is consumed first and rapidly depleted. As 
a result, an underlying anaerobic layer develops where no free O2 is present (Faulkner et 
al., 1989; Reddy and Patrick, 2000). The thickness of the aerobic layer depends upon
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Oxygen
300
Relative concentration
Min. Max.
Figure 3.1 Schematic illustrating some important biogeochemical changes taking place 
within the upper layers o f sub-aqueous soil (or sediment), a) Slow rate of oxygen 
diffusion in water, and rapid consumption by microbial activity leads to sediment 
stratification below the sediment-water interface (SWI). b) Change in the redox potential 
defines the redox potential discontinuity (RPD) zone, c) Vertical variation of the relative 
concentration of oxidants resulting from sequential reduction by bacteria.
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the concentration of dissolved oxygen of the overlying water (e.g., Tyson and Pearson,
1991), the intensity of bioturbation (e.g. Bromley, 1996), and the microbial sediment 
activity induced by the richness in metabolizable organic compounds (e.g.. Howeler and 
Bouldin, 1971). The boundary between aerobic and anaerobic sediments is marked by a 
conspicuous change of the redox potential (cf. Fig. 3.1b), which occurs around +300 
mV (W. Patrick, pers. com., 1999). This is referred to as the Redox Potential 
Discontinuity (RPD) by Tyson and Pearson (1991).
Within the anaerobic layer, sediment microorganisms utilize successively 
nitrate, manganic compounds, ferric compounds, sulfate, and finally carbon dioxide as 
electron acceptors in order to oxidize organic matter. Their sequential consumption is a 
function of depth (cf. Fig. 3.1c). While oxygen, nitrate, and manganese reduction 
reactions overlap, the subsequent reaction of iron reduction does not occur in the 
presence of oxygen (Turner and Patrick, 1968; Faulkner et al., 1989).
Biochemical Activity of Soils and Sediments
Most biogeochemical reactions involve the transfer of protons and electrons. 
Therefore, as pH and Eh values are directly affected by these reactions, measurement of 
pH and Eh facilitates the understanding and the prediction of chemical and biological 
transformations occuring in a system (Baas Becking et al., 1960). A theoretical 
equation, known as the Nemst equation, shows the relationship between Eh and pH, and 
predicts the concentration of the oxidized and reduced forms of a redox couple at a 
given pH and Eh. If the ratio of the oxidant over reductant concentrations of the redox 
couple is 1, a simplified form of the Nemst equation can be written (Baas Becking et 
al., 1960):
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In the above equation. Eh and Eo are expressed in millivolts, a is the number of protons, 
n is the number of electrons, and E0 the standard potential for unit concentrations of the 
reduced and oxidized species.
Experimentally obtained measurements of Eh and pH of monoelemental 
chemical systems, for example the ferric-ferrous iron redox couple, are coincident with 
the theoretical slopes calculated with the Nemst equation. In contrast, natural systems 
are complex containing many redox couples, all at different concentrations. Thus, when 
measuring the Eh and pH of a sediment, the electrode responds to some combination of 
all the couples present (Bohn, 1971). The resultant measurement represents a mixed Eh 
which is a weighted average of the potential contribution of all the redox couple 
presents (Bohn, 1968). The mixed Eh is dependant on the concentrations of the most 
abundant redox couple present, including the type and amount of organic matter 
(Gambrell and Patrick, 1978; Rowell, 1981).
Description of Eh, pH, and Water Oxygenation 
Eh (Redox Potential)
The redox potential measures the ability of an environment to bring about 
oxidation and reduction processes, such as the ability to oxidize organic matter. Oxido- 
reduction reactions involve the transfer of electrons from a substrate rich in electrons 
(e.g., organic matter) to another poor in electrons (e.g., oxygen, iron compounds). 
Oxygen is preferentially used by microorganisms to degrade (oxidize) organic matter, 
because on a scale of redox potential O2 has the most positive potential value and is the
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most powerful oxidant. In natural environments, if oxygen is lacking, other substances 
(cf. Fig. 3.1c) are capable of oxidizing organic matter, but with decreasing efficiency 
compared to oxygen (Reddy and Patrick, 2000).
The Eh of a sediment measures the electron pressure developed in the 
environment. If oxygen is present in the environment, the electrons are easily removed, 
no large electron pressure develops, and Eh is highly positive. When oxygen is 
depleted, electrons are not so readily removed. A higher electron pressure is generated 
enabling the nitrate reducing bacteria to function as an oxidant (using nitrate to oxidize 
organic matter and remove electrons). When nitrate is depleted, the process continues 
with manganese, iron, sulfate and carbon dioxide reducing bacteria (Patrick and 
Mahapatra, 1968; Reddy and Patrick, 2000). 
pH
In many ways, pH can be considered analogous to Eh, as Eh measures the 
electron activity of an environment and pH the protons (H*) activity (Reddy and 
Patrick, 2000). The pH of a sediment determines the degree of acidity or alkalinity. On 
the pH scale from 0 to 14, where 7 is neutrality, a solution of value greater than 7 is 
alkaline and a solution of value less than 7 is acidic.
Water Oxygenation Regime
Oxygenation of the water column refers to the amount of dissolved oxygen, 
expressed as a concentration in ml/1 or mg/1. Tyson and Pearson (1991) proposed a dual 
terminology with which to describe the O2 condition in bottom waters. Six oxygenation 
regimes range from oxic for the maximum dissolved O2 to anoxic for no dissolved 0 2.
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A corresponding classification describes the biofacies seen in the sediment record, and 
ranges from aerobic to anaerobic conditions (Table 3.1).
METHODOLOGY
Sample Location and Data Collection
Geochemical measurements of sediments and the overlying water column were 
collected at 111 sampling stations within various subaquatic depositional environments 
of the Mahakam Delta (fluvial distributary, tidal channel, subtidal platform, delta front, 
and coastal). The sample locations are plotted in Figure 3.2.
Samples and data were acquired during a 1994 field season by J. Wrenn, L. 
Satchell, and M. Hardy (Center For Excellence in Palynology, Louisiana State 
University).
Sediment Data Collection
Bottom surface sediments were collected using a box-core sampler, which took 
the top 20 to 30 cm. Once the box-core sampler was pulled into the boat, the sediments 
were placed into a plastic tray. Eh, pH, and temperature measurements were taken 
immediately by insertion of a probe into the center of the sediment mass. Sediments 
were then stored in plastic jars.
The proportion of sand to mud (sand/mud ratio) were calculated by a weighing 
technique, which consists of drying and weighing sediments before and after filtration 
by running tap water through a 63 pm metal sieve. Total organic carbon (TOC) analysis 
was conducted by UNOCAL (Brea, California) and MOBIL (Meptec, Dallas, Texas) 
labs.
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Table 3 .1 Dual terminology of oxygenation regime and the resultant biofacies as related to benthic fauna and depth of 
redox potential discontinuity (RDP) zone. Bioturbation is concentrated mainly above the RPD zone (summarized after 
Tyson and Pearson, 1991).
Dissolved 
oxygen (ml/l)
Oxygenation regime 
in bottom water
Biofacies associated 
in sediment
Benthic fauna Main benthic community RDP depth
(cm)
2.0-80 Oxic Aerobic Diverse Large suspension 
feeders, etc.
1.0->4.0
1.0-20 Moderately
dysoxic
Moderately
dysaerobic
Stressed Polychaetes, small 
molluscs
0.5-1.0
0.5-1.0 Severely
dysoxic
Severely
dysaerobic
Highly
stressed
Diverse vermiform taxa 0.1-0.2
0.2-0.5 Extremely
dysoxic
Extremely
dysaerobic
Highly
stressed
Few vermiform taxa 0.1-0.2
0-0.2 Suboxic Quasi anaerobic — 0
0 Anoxic Anaerobic - - 0
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Figure 3.2 Distribution map of sampling stations, indicating the geochemical 
facies associated with each site.
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Water Data Collection
At each sediment sampling station, the characteristics of the overlying water 
column were assessed by collecting dissolved oxygen, salinity and temperature data. 
These measurements were taken at the bottom and at the surface of the water column. In 
addition, water depth was gauged.
Data Analysis
Boxplots, histograms, and statistical tests are produced using the software 
package Systat (version 5.2), and maps using the surface mapping software Surfer 
(version 6.04). 
k-means cluster analysis
The k-means cluster analyses are applied on six chemical variables (sediment pH 
and Eh, surface and bottom water dissolved oxygen and salinity) in order to identify 
different geochemical facies. The k-means is a non-hierarchical clustering technique, 
involving human assessment. Variables are standardized prior to clustering to keep their 
influence comparable. The number of clusters, corresponding in this case to 
geochemical facies, is chosen by the operator. Once the number of cluster is defined, the 
algorithm searches for the most extreme samples which represent the “germs” for 
building clusters with the minimum of variance between the groups (Romesburg, 1984; 
Wilkinson etal., 1992).
Spearman Rank Coefficient of Correlation (r,)
Although pH and Eh data are more or less normally distributed, the other 
variables (salinity, dissolved oxygen, TOC) display different patterns of distribution. 
Therefore, Spearman’s rank correlation coefficient is applied on all data because, as a
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non-parametric test, it places minimal requirements on the forms of the population and 
is valid to apply on skewed to normally distributed data (Davis, 1986: Chase and Bown.
1992). This coefficient of correlation measures the degree of linear relationship between 
two variables based on the rank-order of the abundances rather than on the actual 
abundances themselves. To verify that a correlation value is significant, the rs value is 
checked against a critical value c which depends upon the number of samples involved 
(111 samples). Critical values are found in published statistical tables (e.g.. Cooper and 
Weekes, 1983: Chase and Bown, 1992).
Box-and-Whisker Plots (Boxplots)
A boxplot is a graphical representation of data distribution. The horizontal line 
inside the box represents the median (P50), the horizontal ends of the box the 25th and 
75lh percentiles (P25 and P75). The lowest data value and the highest data value delimit 
the vertical lines (whiskers) on each side of the box. Thus, each portion of the box and 
each whisker contain about 25% of the data. Outliers are individually represented by an 
asterisk (Chase and Bown, 1992).
RESULTS
Identification of Geochemical Facies
A geochemical facies is herein defined as a characteristic association of 
sediment pH and Eh conditions, and water salinity and oxygenation conditions.
Five different geochemical facies were identified from the 111 sampling stations 
using k-means cluster analysis on six variables (sediment Eh and pH, surface and 
bottom water salinity, and surface and bottom water O2). Distribution of the five
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geochemical facies over the deltaic environments (fluvial distributary, tidal channel, 
subtidal platform, delta front, and coastal) is plotted on Figure 3.2.
The fc-means clustering evaluation provides analysis of variance statistics for the 
six variables. This includes probability values of P = 0.00 for all six variables, 
indicating significant differences among the six variable means when comparing the 
clusters. The differences between the five geochemical facies are best illustrated by 
boxplots, which show data distribution of the six variables within the five geochemical 
facies (Fig. 3.3). Geochemical facies characteristics are described below.
1) Freshwater facies: characterized by freshwater at the surface and bottom (salinity <
5%o). Surface water is severely dysoxic and bottom water severely to extremely
dysoxic for 90% of the samples. Sediment Eh is positive, between 25 to 50 mV for 
50% of the samples, with a maximum of 70 mV. Sediment pH is slightly acidic, 
with values between 6.0 to 6.5, with a minimum of 5.8. The freshwater facies is 
only encountered within the Mahakam River and the upper reaches of fluvial 
distributaries.
2) Intermediate, freshwater dominant facies: characterized by surface freshwater and
bottom fresh to brackish water (salinity between 0 to 18%o). At most stations,
surface and bottom water are dysoxic, from moderately (> 50%) to severely (-25%) 
dysoxic. Sediment Eh is close to 0 mV for about half of the samples with extreme 
values of -30 mV and +30 mV. The pH is neutral to slightly acidic. This facies 
occurs in the middle to lower reaches of fluvial distributaries and upper reaches of 
tidal channels.
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Figure 3.3 Boxplots displaying the distribution o f water and sediment variables 
characterizing five geochemical facies.
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3) Brackish facies: characterized by fresh to brackish water at the surface and brackish 
water at the bottom. Surface water is moderately dysoxic to oxic and bottom water 
is mostly oxic {15% of samples) to moderately dysoxic. Sediment Eh is positive (10 
to 50 mV) and pH slightly acidic (6.0 to 6.8). This facies is encountered in lower 
reaches of fluvial distributaries and upper reaches of tidal channels.
4) Intermediate, marine dominant facies: characterized by surface brackish water and 
bottom brackish to marine water. Surface and bottom waters are oxic (dissolved O2 
between 2 to 6 ml/1). Sediment Eh is mostly negative (0 to -30 mV) and pH slightly 
alkaline (7.0 to 7.4). This facies occurs in tidal channels.
5) Marine facies: characterized by marine surface and bottom water (salinity > 25%o),
both of which are well oxygenated (4 to 6 ml/1 of dissolved Oi). Sediment Eh is 
negative (-30 to -45 mV) and pH alkaline (7.4 to 7.6). This facies is typical of 
coastal and delta front environments of northern Mahakam Delta and of the subtidal 
platform across the interdistributary zone.
Characteristics of these geochemical facies are summarized and illustrated in 
Figure 3.4. Fluvial distributaries and tidal channels are influenced by two geochemically 
distinct water masses: poorly oxygenated (severely dysoxic) freshwater from the 
Mahakam River and well oxygenated (oxic) marine water from the Makassar Strait. The 
two water masses mix in a zone whose geographic position on the delta plain is 
dependant upon the balance between the ability of the channels to distribute freshwater 
downstream and the influence of the tide to carry marine water upstream. Differential 
mixing of the two water masses in the channels results in three intermediate brackish 
geochemical facies.
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Figure 3.4 Schematic summarizing water and sediment conditions characteristic o f five geochemical facies, resulting 
from mixing of continental and marine water fluxes. Geochemical facies are identified from ~ ‘ distributaries, tidal
channels, subtidal platform, delta front, and coastal sampling sites.
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The relationships between the six variables that define each geochemical facies 
are supported by Spearman coefficients of correlation (Table 3.2): strong correlations 
between pH. Eh, salinity and dissolved O2 (0.6 to 0.9 in absolute values) relate these 
variables. Conversely, weak correlations with sand/mud ratio, TOC, and water depth (0 
to 0.2 in absolute values) express the relative independence of the geochemical facies 
with these variables.
Water and Sediment Temperatures
All water and sediment temperatures are uniform over the deltaic channels, 
subtidal platform, delta front and coastal environments (28.7 ±  0.7°C). The continental 
freshwater is, however, on average 0.5 degree cooler than marine water.
The pH-Eh Relationship
Eh measurement in reducing conditions can be used as an indicator of the 
intensity of reduction in sediment (Bohn, 1971). In all sampling stations, sediment Eh 
values range between -50  to +70 mV, thus can be classified as reduced sediments 
(Patrick and Mahapatra, 1968). The sediment pH is slightly acidic for fresh to brackish 
water environments and slightly alkaline for highly marine influenced and fully marine 
environments (cf. Fig. 3.3). When plotted on a pH-Eh diagram showing the limits of 
most natural environments, the pH and Eh characteristics are restricted to within a small 
window (Fig. 3.5). Significantly, all samples from tidal channels, fluvial distributaries, 
coastal environments, the subtidal platform, and from the delta front plot along a line 
(Fig. 3.6). The Spearman correlation coefficient between pH and Eh is -0.99, indicating 
an almost perfect negative linear relationship. The equation of the regression line
127
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Table 3.2 Results o f Spearman correlation coefficients calculated 
between water and sediment variables. The critical value c for 111 
samples is 0.19 at 95% confidence level (a  = 0.05). Significant 
correlations are indicated by bold numbers.
Surface Bottom Surface Bonom Sediment Sediment
w ater water water w ater Eh PH
salinity salinity oxygen oxygen
Surface
w ater salinity
Bottom 
w ater salinity 0.S4
- - - - -
Surface 
w ater oxygen 0.82 0.84 -
- - -
Bottom 
w ater oxygen 0.76 0.89 0.91 - - -
Sediment
Eh -0.73 -0.66 •0.65 -0.62
- -
Sediment
pH 0.75 0.68 0.67 0.64 -0.99
-
TOC 0.02 0.01 -0.02 -0.04 0.16 -0.15
Sand/mud
ratio
-0.15 -0.18 -0.11 -0.13 -0.06 0.05
W ater depth -0.05 0.17 -0.07 0.04 0.01 -0.02
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Figure 3.5 Diagram showing the close relationship 
between the Nemst's theoretical equation line for 
organic matter oxidation and the regression line 
calculated from Eh and pH measurements in sediment 
samples. The limits of Eh and pH measured in the 
Mahakam Delta sub-aqueous sediments (gray window), 
are compared with the usual Eh and pH limits o f  most 
natural systems (parallelogram). The parallelogram is 
outlined by boundary conditions, which are the upper 
and lower limits o f water stability, and pH 4 and 9.
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relating the two variables is given below, where the standard error of the constant = ±5 
and of the slope coefficient = ±1.
Eh = 402 — 58 • pH
A full discussion of the significance of this equation with regard to the sediment 
potential for oxidizing organic matter is given later in this Chapter.
DISCUSSION 
Aerobic Sediment Laver
Factors Responsible for Mahakam River Dysoxic Water
Differences in the oxygen regime of fresh and marine waters has important 
implications for the abundance of benthic organisms, the disturbance of sediments, and 
the time of exposure of organic matter to aerobic degradation processes. Poor 
oxygenation of Mahakam River water may result from the high-suspended load of fine 
sediment (Allen et al., 1979). Because values of total suspended solids are typically 
high for tropical river (500-1500 mg/1), light penetration is reduced which consequently 
limits phytoplankton production, and thus in situ photosynthesis and Oi production 
(Thurman, 1985; Ittekkot, 1988). Although the river has not been surveyed, suspended 
sediment load was tentatively estimated by Eisma (1990) at around 200 mg/1. In a report 
surveying the Middle and Lower Mahakam River (Prokasih, anonymous, 1993), water 
is described as turbid with vision restricted to less than 25 cm depth.
However, anthropogenic effects may, in part, be responsible for the low oxygen 
levels of the Mahakam River. Over the last 30 years, there has been a rapid increase in 
the rural and urban populations leading to development of the town of Samarinda and
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several villages along the Mahakam River (Potter, 1996). Organic pollution from 
numerous sawmills located close to Samarinda in addition to domestic pollution can 
probably account for most solid waste input into the river (Prokasih, anonymous, 1993; 
Potter. 1996). Such organic pollution could increase oxygen consumption within the 
river, accentuating the degree of dysoxia measured during the 1994 field season. A two 
year ecological study of the Mahakam Delta also concluded that the freshwater flux was 
less oxygenated that the marine water, however not severely dysoxic (Dutrieux, 1991). 
Evaluation of Aerobic Laver Thickness
The thickness of a sediment aerobic layer is intimately related to the degree of 
bioturbation, which is the result of sediment mixing by benthic animals. Because this 
fauna needs access to oxygenated water, bioturbation occurs mainly within the aerobic 
sediment layer, above the redox potential discontinuity (RPD) line.
The activity of benthic invertebrates is most intimately related with water 
oxygenation and salinity (Bromley, 1996). If dissolved oxygen decreases in the water 
column, the stress is recorded by a reduction of benthos activity, diversity, abundance, 
and size. In the marine realm, the endofauna is rich and diverse in oxic regime, but 
reduced to a highly impoverished vermiform community under extremely dysoxic 
conditions (Tyson and Pearson, 1991; cf. Table 3.1). Salinity is the other critical 
limiting factor for benthic life. No one species occurs in both in marine and freshwater 
environments. The marine realm holds the greatest diversity and abundance of taxa. 
Although freshwater environments can sustain a benthic fauna, communities are much 
less diverse than those in the marine realm. Diversity is the lowest in brackish water
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settings because only few taxa can cope with frequent and significant salinity 
fluctuations (Bromley, 1996).
Gastaldo et al. (1995) conducted a vibrocoring program along two transects 
within the Mahakam Delta fluvial distributaries and interdistributary tidal channels. The 
sedimentary records of the vibrocores were complementary to geochemical data 
described above, and aided in the interpretation of conditions at the sediment-water 
interface. Vibrocores collected in the fluvially-dominated distributary channels, 
representing freshwater depositional environments, are characterized by sand-mud 
couplet facies unaffected by bioturbation (Gastaldo etal., 1995). This lack of 
bioturbation can be interpreted as the consequence of low oxygenation of the water 
column and of the smaller and less diverse benthic community that freshwater 
environment can endemically sustain (Bromley, 1996).
The thickness of the aerobic layer associated with the freshwater facies can be 
inferred from Tyson and Pearson’s (1991) model. In sediment lacking bioturbation with 
a dysoxic level of oxygen in the overlying water, the thickness of the aerobic layer may 
only extend to a depth of 0.5 cm. Similarly, according to Rhoads (1974), in the absence 
of bioturbation, the diffusion of O2 in shallow shelf sediment is limited to the upper 0.1- 
0.2 cm. In the Mahakam vibrocores, bioturbation first appears in lower reaches of 
fluvial distributaries, and is particularly evident within sediments of the subtidal 
platform where sand-mud couplet facies are still distinctive but may be extensively 
bioturbated (Gastaldo et al., 1995). In contrast, well oxygenated conditions associated 
with marine facies are commonly highly bioturbated as this environment represents 
optimum conditions for benthic organisms. Consequently, increased bioturbation lowers
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the RPD line resulting in a thicker aerobic layer. In the marine geochemical facies, the 
aerobic layer would be approximately 2-4 cm thick, according to Tyson and Pearson’s 
(1991) model.
Cores recovered from tidal channels show a variety of sedimentary facies, and 
bioturbation varies from rare to abundant. Nevertheless, a typical tidal channel fill 
sequence presents a succession of facies with restricted bioturbation (Gastaldo and Hue, 
1992). This restricted bioturbation could be a consequence of brackish environmental 
conditions because brackish water contain few taxa that can cope with frequent and 
significant salinity variation (Bromley, 1996). Although the three brackish geochemical 
facies are characterized by moderately dysoxic to oxic regimes, the RPD line is not 
lowered because of the low abundance and diversity of benthic fauna in brackish 
environments. Consequently, a relatively thin aerobic layer (between 0.5 to 2 cm thick) 
is expected, which depends upon the oxic regime and the degree of salinity variation. 
Prediction of Organic Matter Preservation Potential
Greater benthic activity results in a thicker aerobic layer in surficial sediments, 
thus increasing the residence time of organic matter, and its exposure, to aerobic 
degradation processes. These aerobic degradation processes are significant as over 90% 
of the sediment metabolic activity are believed to occur in this upper layer (McCaffrey 
et al., 1980, cited by Malcolm and Stanley, 1982, p. 12). According to Tyson (1995, and 
references therein p. 67), most organic matter degradation is mediated by the benthic 
invertebrate fauna, which stimulates the microbial population activity. It is generally 
accepted that because the aerobic layer is the zone of most intense degradation, the
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more rapidly the organic matter passes through the zone, the better are its chances of 
being preserved (Han, 1986; Tyson, 1995).
A model predicting the relative residence time of organic matter within the 
aerobic layer, and therefore preservation potential of the organic matter, can be derived 
from the five geochemical facies. The relative abundance of bioturbation within 
Quaternary sediments recovered from the Mahakam Delta vibrocore study (Gastaldo 
and Hue, 1992; Gastaldo et al., 1995) lends suppon to this model and is summarized 
below (Fig. 3.7). Organic matter deposited in freshwater sediments has the highest 
preservation potential as it is exposed to aerobic oxidation processes the shonest time 
due to a thinner aerobic layer. The thinner aerobic layer is the results of a lack of 
bioturbation due to poorly oxygenated continental water and to relatively low endemic 
diversity of benthic fauna in freshwater environments. Conversely, organic matter 
deposited in marine sediment has the lowest preservation potential because it has the 
longest residence time within the aerobic layer. The aerobic layer is thickest in marine 
sediments due to extensive bioturbation by the diverse benthic fauna in oxic conditions. 
Between these two extremes are the three intermediate brackish facies (Fig. 3.7). 
Anaerobic Sediment Layer
Factors Affecting Microbial Activity and Response of the Redox Potential
At depths of up to 20 to 30 cm below the sediment-water interface (SWI), 
oxygen is depleted creating anaerobic conditions. According to Turner and Patrick 
(1968), soil microorganisms likely to be active (oxidizing organic matter) under these 
reducing conditions are facultative anaerobic bacteria (manganic and ferric compound 
reducing) and true anaerobic bacteria (sulfate reducing).
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bioturbation, on the thickness o f the aerobic layer. The model predicts the relative residence time o f organic matter within the 
aerobic layer, and its impact on organic matter preservation potential within the five geochemical facies.
In natural environments. Eh results from the activity of microorganisms. This 
represents a balance between the concentration of metabolizable organic matter (source 
of electrons) and the concentration of oxidants (removal of electrons) that support 
microbial respiratory activities. For example, in deep water marine sediment where 
sulfate (oxidant) concentration is high but organic matter (electron source) is low and 
refractory (Stanley et al., 1978), the resulting Eh is highly positive (+525 mV). If 
sulfate-reducing bacteria are to function, there must be an adequate supply of 
metabolizable organic matter for them to oxidize, thus removing electrons from the 
system. Therefore, organic matter is the limiting component for these bacteria. In 
oligotrophic freshwater sediment, Eh is also expected to be positive. This is a direct 
consequence of the low concentration of dissolved substances, and the organic matter 
supply is not a limiting factor (Baas Becking etal., 1960).
Redox Potential Response in the Mahakam Delta System
Deltaic depositional environments are areas of great heterogeneity with regard to 
geochemical conditions due to the mixing of fresh and marine water fluxes, which differ 
in their relative abundances of chemical compounds (specifically oxidants). As a result 
of various ambient concentrations of oxidants, particular reactions dominate in specific 
environments. In the Mahakam River drainage basin, topsoils are highly weathered, 
iron-rich, red and yellow tropical rain forest soils (Konta, 1990). Thus, while in the 
marine realm sulfate is a major oxidant after the consumption of oxygen (Malcolm and 
Stanley, 1982), ferric compounds should be the major oxidants in the freshwater 
geochemical facies of the Mahakam Delta. Consequently, different concentrations of 
oxidants are expected to be represented in the five geochemical facies of the Mahakam
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Delta, in particular the relative proportions of sulfate and iron compounds. Therefore, 
redox potential readings should be heterogeneous, resulting in a cloud of points on a 
pH-Eh diagram reflecting the geochemical heterogeneity within sub-environments.
However, pH and Eh measurements of sediments from fresh to marine facies 
plot along a line. The structure of the Nemst equation is recognized in the equation of 
their regression line, thus describing the theoretical slope of the stability boundary 
between the oxidized and reduced forms of a chemical compound involved in a redox 
couple. This equation is almost identical to the theoretical equation of the organic 
matter redox couple. The basic equation of organic matter oxidation (half reaction) can 
be written as follow:
Q>H,20 6 + 6 H20  -> 6 C 0 2 + 24 H* + 24 §
With a standard potential value Eo of +424 mV (Reddy and Patrick, 2000), the 
theoretical Nemst equation is developed thus:
Eh = 424 — 59 - pH
This equation is plotted on the pH-Eh diagram as a dashed line, which closely parallels 
the regression line corresponding to pH-Eh sediment characteristics of the samples from 
the Mahakam Delta environments (cf. Fig. 3.5). In this equation a/n = 1, thus under 
standard state condition, the relationship between pH and Eh is defined as:
Eh = —59 • pH  
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This is called the Nemst slope, and demonstrates that for each increase of one pH unit, 
Eh decreases by 59 mV.
Rate of Organic Matter Degradation
Reddy and Patrick (2000) state that: “Since Eh values of sediments represent 
mixed potentials, final potential of the system is governed by the redox couple present 
in excess concentrations compared to other redox couples.” Considering the close 
similarity between the redox potential of the Mahakam Delta sediments and of the 
organic matter redox couple , the system is likely to be governed by organic matter 
oxidation processes. This also implies that organic matter is present in excess 
concentrations in all sediments of the Mahakam Delta relative to the oxidants that can 
be utilized by microorganisms (including iron compounds and sulfate). Because the 
redox potential response of this system behaves comparably to a monoelemental 
system, the adjustment of mixed potential by -59 mV/pH unit can be reasonably 
justified to make comparison between samples (Bohn, 1971). When applied. Eh values 
are very similar in all samples (-2 ± 3 m V ). Consequently, if redox potential is equal in 
all environments, and both substrate (organic matter) and oxidants (e.g., sulfate, iron 
compounds) are non-limiting, the above being important controlling factors of bacterial 
activity, then the organic matter degradation rate is comparable in all environments of 
deposition.
In summary, in anaerobic sediments whose biogeochemical conditions are 
governed by organic matter oxidation, the rate and amount of organic matter 
degradation should be equal regardless of depositional environment if Eh is also equal. 
Conversely, if Eh measurements are different across depositional environments, then
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the amount of organic matter degradation must differ correspondingly. Such a 
relationship has been found in reducing sea loch sediments of Scotland, organically 
enriched by cellulosic pulp from a paper mill (Pearson and Stanley, 1979). These 
authors have shown that bulk sediment Eh measurements give an indication of the 
amount of organic matter degradation. In these marine loch sediments, redox status 
changes in response to the microbial rate of cellulose degradation following an increase 
in cellulose input (Pearson and Stanley.1979; Battersby and Brown, 1982). This 
independent evidence seems to agree well with the Eh measurements from sediment 
samples across the Mahakam Delta where it is inferred that equal Eh indicates similar 
degree of organic matter degradation in all deltaic environments.
These new data present important implications for the interpretation of 
variability of phytoclast preservation states found in different sedimentary 
environments. Once buried below the aerobic layer, the aspect of phytoclasts should be 
similar, as the same processes of degradation occur regardless of sedimentary 
environment. However variations in phytoclast preservation states are seen between 
environments of deposition. This variation is therefore, more likely to be the result of 
factors such as length of transport, origin of the organic material, or time of residence 
within the aerobic layer, rather than by alteration within the anaerobic sedimentary 
environment itself.
Relation between TOC and Depositional Environment
Total organic carbon (TOC) is a measurement o f the organic richness of 
sediments (Jarvie, 1991). TOC values measured within the Mahakam Delta sediment 
samples range from 0.1 to 8.9 wt. %. The lack of correlation between TOC and neither
140
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Eh. pH, salinity, nor oxygenation (cf. Table 3.2) confirms the interpretation developed 
above. Therefore, as variation in sediment organic content is not dependant on sediment 
and water geochemical conditions, high TOC values can not be the result of favorable 
biogeochemical conditions conducive to higher organic matter preservation within any 
particular tropical deltaic sedimentary environment.
CONCLUSIONS
Five geochemical facies are identified within fluvial distributary, tidal channel, 
subtidal platform, delta front, and coastal sediments. These represent a characteristic 
association of sediment pH and Eh, water salinity and oxygenation conditions. These 
facies reflect the mixing of continental and marine water fluxes: poorly oxygenated 
(severely dysoxic) freshwater from the Mahakam River and well oxygenated (oxic) 
marine water from the Makassar Strait. Differential mixing of the two water masses in 
the channels results in three intermediate brackish geochemical facies. The associated 
sediment is slightly acidic (with Eh > 0) for fresh to brackish water environments and 
slightly alkaline (with Eh < 0) for highly marine influenced and fully marine 
environments.
Combination of water oxygenation conditions and published sedimentary 
descriptions from cores, permits prediction of the aerobic layer thicknesses of sediments 
from the five geochemical facies. This allows estimation of organic matter relative 
residence time within the aerobic layer, and assessment of its impact on organic matter 
preservation potential. Sediments of freshwater facies have a thinner aerobic layer due 
to a lack of bioturbation as a result of relatively low endemic diversity of the benthic 
fauna and of poorly oxygenated continental water. Consequently, a higher preservation
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potential of organic matter is expected as the time of exposure to aerobic oxidation 
processes is limited. Conversely, extensively bioturbated marine sediments have the 
thickest aerobic layer due to the maximum diversity and activity of invertebrate 
populations under oxic condition. Here, the lowest organic matter preservation potential 
is expected because of the long residence time within the aerobic layer. The three 
intermediate brackish facies fall between these two extremes.
Bulk sediment Eh and pH values indicate the intensity of organic matter 
oxidation within the anaerobic layer, providing a mean of comparing deltaic sub­
environments. The regression equation correlating pH and Eh measurements of 
Mahakam Delta samples is linked to the Nemst theoretical equation of organic matter 
oxidation (half reaction). It is, therefore, interpreted that the biogeochemical system of 
anaerobic sediment is governed by organic matter oxidation processes. As the redox 
potential is equal in all sediments, and both substrate (organic matter) and oxidants 
(sulfate, iron compounds) are non limiting (all three factors controlling the bacterial 
activity), the rate of organic matter degradation should be the same regardless of the 
depositional environment. Once buried below the aerobic layer, variations in the state of 
phytoclast preservation between environments of deposition are more likely to be due to 
the length of transport, origin of the organic material, and/or time of residence within 
the aerobic layer, rather than due to alteration within the sedimentary environment 
itself.
The lack of correlation between TOC data and any geochemical variable (Eh, 
pH, salinity, oxygenation) indicates that high TOC values are not the result of favorable
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biogeochemical conditions conducive to higher organic preservation within any 
particular sedimentary environment.
In summary, once deposited at the sediment-water interface, the changes that 
organic matter ultimately undergo depend upon the biogeochemical conditions of the 
environment, both within an upper aerobic layer and within a lower anaerobic layer 
where no free 0 2 is present. Firstly, sedimentary organic matter resides within the 
surficial aerobic layer where biochemical degradation is high. Because the thickness of 
the aerobic layer differs across geochemical facies, the potential of organic matter 
preservation depends upon the environment of deposition (highest preservation for fresh 
to brackish water environments and lowest for marine environments). Secondly, once 
the organic matter enters the anaerobic layer, the rate of organic matter degradation and 
the potential of organic preservation is the same regardless of the environment of 
deposition.
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CHAPTER 4. DISTRIBUTION OF KEROGEN
INTRODUCTION
The goal of this chapter is to provide a better understanding of the composition, 
the distribution, and the association of sedimentary organic matter in modem tropical 
deltaic and shelf depositional environments, through palynofacies characterization. A 
palynofacies is a peculiar assemblage of sedimentary organic matter (SOM), typified by 
the relative proportions of the different types of organic particles that have been brought 
together through sedimentation processes (Combaz, 1964; Tyson, 1995). Palynofacies 
analysis provides insight into ancient deposits, and is thus applied as a tool to 
complement sedimentological techniques in paleoenvironmental interpretation (Batten, 
1996).
Although a number of papers utilized palynofacies to differentiate deltaic sub­
environments in ancient rocks (e.g., Lorente, 1986; Bustin, 1988; Highton et al., 1991; 
Oboh, 1992; Hardy, 1993; Van de Laar, 1993), there are very limited modem analogues 
to sustain assumptions implicit in these works. In modem deltaic settings, only one 
major palynofacies investigation into the Mississippi Delta (Hart, 1994) provides a 
framework for paleoenvironment interpretation. However, this concerns specifically a 
sub-tropical fluvial dominated delta. Muller’s (1959) classic palynological study 
documents the distribution of pollen and spores throughout the modem Orinoco Delta 
(Venezuela) and includes some aspects of the distribution of other plant remains. In 
addition, several local palynofacies studies of modem sediments from southeast Asia 
have been conducted. These include: palynofacies of water column, channels, and delta
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plain deposits of the Rajang Delta in West Borneo (Pedentchouk et al., 1995: Gastaldo 
et al., 1996; Gastaldo and Staub, 1997), palynofacies of organic matter from the 
MISEDOR core drilled in the Mahakam Delta (Bellet, 1987), palynofacies of Mahakam 
Delta shelf sediments (Satchell and Wrenn, 1995). and macrodebris identification in 
detrital peat beach and in channel sediments of the Mahakam Delta (Gastaldo, 1990; 
Gastaldo & Hue, 1992; Gastaldo et al., 1993). Van Waveren (1989) identified 
palynofacies from open marine and deltaic deposits of East Java: however, the deltaic 
study was limited to about 20 samples.
There is a definite need to expand regional palynofacies descriptions in modem 
deltaic systems to improve palynofacies interpretation of ancient deltaic environments. 
Different deltaic systems need to be explored, more especially at a regional scale. The 
present work aims to produce a comprehensive description of organic matter types and 
characterization of palynofacies from tidally-influenced deltaic and shelf sediments. 
This includes an assessment of the degree of pyritization of organic matter. Sampling 
regionally from deltaic to shelfal sediments enables recognition of progressive or 
sudden changes in organic matter assemblages (e.g., change in the proportions of 
terrestrial versus marine kerogen on the shelf). Thirteen depositional environments are 
examined: delta plain (lowland rain forest, intermediate mixed forest, Nypa palm 
swamp, mangrove swamp), detrital peat beach, fluvial distributary, tidal channel, 
subtidal delta platform, delta front, coastal, prodelta, starved marine shelf, and 
Halimeda bioherm shelf.
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METHODOLOGY
Sample Collection and Location
Two hundred (200) samples were studied, originating from 13 depositional 
environments of the Mahakam Delta and continental shelf (Fig. 4.1). The location of 
sampling stations were determined using a global positioning system (GPS) and 
topographic map of the delta.
Sixty-five (65) delta front, prodelta, and continental shelf samples were collected 
in 1993 by H. Roberts and J. Sydow (Coastal Studies Institutes, Louisiana State 
University). Eighty-two (84) fluvial distributary, tidal channel, subtidal platform, and 
coastal samples were collected during a 1994 field season by J. Wrenn, L. Satchell, and 
M. Hardy (Cenex, Louisiana State University). These bottom surface sediments (top 20- 
30 cm) were taken using a box-core sampler, treated with ethanol-Rose Bengal solution 
(marine samples) or Zaphirine chloride (deltaic samples) and stored in plastic jars. In 
1994, H. Roberts acquired 53 vibrocores from the Mahakam delta plain by VICO 
Indonesia. Fifty-one (51) samples were selected from 36 cores, at depth between 0 to 50 
cm.
A variety of lithologies are represented in the 200 samples studied. A 
classification scheme was designed to assign a lithology to each sample (Fig. 4.2), using 
the combination of three criteria: sand/mud ratio, siliciclastic/carbonate ratio, and 
siliciclastic/organic matter ratio.
Chemical Processing of Samples
The sample processing technique produces palynologic slides clean of minerals, 
clays, and fine organic matter (< 10 pm), using no oxidation and no acetolysis.
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Sediments are dried, and a specific dry weight is taken for each sample. 
Calcareous samples are firstly treated with 10% cold HC1 overnight, then rinsed to 
neutrality. Silicates are dissolved using 48% cold HF overnight, followed by rinsing to 
neutrality. The residue is sieved over a 180 pm metal sieve to remove the coarse organic 
fraction (e.g., organic debris too thick to be mounted on slides). The organic residue (<
180 pm fraction) is sieved over a 10 pm metal sieve using an ultrasonic probe. The 
ultrasonic microprobe facilitated the filtration and removal of very fine organics and 
clays, thus revealing the 10-180 pm size kerogen particles for study. Nonetheless, the 
ultrasonic probe was used parsimoniously to prevent breakage of cellular walls and of 
palynomorphs. Four slides are prepared using poly-vinyl alcohol (PVA) as a dispersing 
agent and Cover-bond or Elvacite as a mounting medium (Jeffords and Jones, 1959). 
Counting Technique and Data Base
About 500 organic particles (538 ±113) per sample are identified and point 
counted using the classification scheme detailed below ( 1 2  groups of organic matter). 
The material was studied under a transmitted light microscope (10x oculars and 40jc 
objective), scanning four slides per sample. Observations of particle fluorescence are 
made using incident blue light excitation (filter set incorporates an exciter filter with a 
bandpass of 450-490 nm, a dichroic mirror, and a barrier filter with a longpass of 520 
nm).
Two data bases are used to describe the depositional environments. Firstly, point 
count numbers of the 1 2  kerogen types are transformed into relative percentages 
(percentages of the total kerogen data). Secondly, the degree of organic matter 
pyritization is expressed by the percentage of phytoclasts containing pyrite crystals. To
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examine the proportion of pyritized versus non- pyritized phytoclasts (percentages of 
pyritized phytoclasts), the two components are calculated as a percentage of the total 
phytoclast population. This results in a data subset composed of two variables; for 
instance, a sample with 50% of pyritized phytoclasts indicates that 1 out of 2  phytoclast 
counted did contain pyrite crystals. As phytoclasts are the dominant kerogen, total 
counts (354 ± 127) used to calculate percentages of the data subset is statistically 
adequate.
Application of Box-and> Whisker Plot to Classify Kerogen Percentages
Percentage data are displayed graphically as box-and-whisker plots (boxplots). 
The horizontal line inside the box represents the median (P5 0), the horizontal ends of the 
box the 25th and 75th percentiles (P25 and P 7 5 ) .  The lowest data value and the highest 
data value delimit the vertical lines (whiskers) on each side of the box. Thus, each 
portion of the box and each whisker contain about 25% of the data (e.g.. Chase and 
Bown, 1992). Data sets containing outliers are individually represented either by an 
asterisk if it is an outside value (possible outlier) or by an open circle if it is a far outside 
value (probable outlier).
Boxplots are used for two purposes. Firstly, to compare the distribution of 
percentage values of kerogen types between several series of samples from different 
environments of deposition. Secondly, boxplots display the overall distribution of each 
kerogen type within the entire set of samples ( 2 0 0  samples) in order to group percentage 
values into a range of classes (very low, low, average, high, very high). Since measures 
of position, such as percentiles, are used to describe the place occupied by a data value 
relative to the rest of the data (Chase and Bown, 1992, p. 91), the lower whisker is
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considered to represent samples with “low percentages” relatively to the other samples. 
Accordingly, the box represents samples with “average percentages”, the upper whisker 
samples with “high percentages”, and the outside values being classified as relatively 
“very high percentages” or “very low percentages”. However, for kerogen types present 
in low percentages, the lower whisker and the box are grouped into one class “average 
percentages”. If the median percentage of a population is less than 2% of the total 
organic matter assemblages, the kerogen type is classified as “minor”.
Boxplots, histograms, and statistical tests are produced using the software 
package Systat (version 5.2), and maps using the surface mapping software Surfer 
(version 6.04).
Palynofacies Identification
In many geological studies where the depositional environment is unknown, 
samples of similar kerogen assemblages are grouped by means of clustering techniques, 
and then environmental interpretations are inferred from the palynological data. This 
study differs in that the depositional origin of each sample is known. Consequently, the 
organic content of each depositional environment can be described, and then, a series of 
palynofacies are inferred from sediments containing similar kerogen assemblages.
Three methods of data analysis are integrated for palynofacies identification 
(histograms, boxplots, and statistical tests). Histograms display the percentages of 12 
kerogen types in depositional environments involving different palynofacies (bar height 
and error bars represent the mean and standard deviation within each category).
Boxplots show the percentage distributions of the each type of kerogen separately and 
group percentage values into classes (e.g., low, average, high). Visual examination of
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histograms and boxplots identifies kerogen types that appear to differ between 
depositional environments. Statistical tests are then applied to determine whether the 
proportions of the suspected kerogen types do differ statistically between depositional 
environments. In this way, individual palynofacies are recognized. The Mann-Whitney 
test is used because it is a non-parametric test that requires no assumptions about the 
form of the population distribution, and is especially useful when performed on small 
sample sizes of less than 30 samples (Davis, 1986: Chase and Bown. 1992). 
DESCRIPTION OF ORGANIC MATTER TYPES
The sedimentary organic matter is classified into 12 groups: phytoclast, cell gel, 
resin, cuticle, Nypa rootlets, pollen/spore, charcoal, fungal remain, arthropod remain, 
thin sheet, marine palynomorph. and zooclast. This classification allows the 
categorization of over 95% of all distinguishable organic particles.
However, diffuse aggregates of organic matter have not been incorporated into 
the kerogen classification. This work concentrates on the destiny of particulate organic 
matter, and not on the flocculation of aggregates formed within the water column. 
Phytoclasts (Fig. 4 J  A)
Phytoclasts are land plant remains (Batten, 1996), derived from the breakdown 
of plant organs (root, stem, leaf, etc.). Phytoclasts are variable in composition (ligno- 
cellulosic), types of tissues, and degree of degradation. In sediments, plant debris occur 
in varying degrees of cell structure alteration, as defined by Hart’s (1986) classification 
scheme. Although four types of phytoclasts (preserved, infested, degraded, destroyed) 
have been differentiated during microscope point counting, all particles are grouped into 
the category “phytoclasf ’ for the purpose of this chapter. Description o f preservation
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Figure 4.3 Illustration of kerogen types identified in the Mahakam Delta and shelf 
sediments (phytoclast, cell gel, and resin). Photographs were taken in normal 
transmitted light at x 400 (scale: 1 cm = 10 pm) or at x 250 (scale: 1 cm = 15 pm) 
magnification. All photographs under blue illumination were taken at x 200 
magnification (scale: 1 cm = 20 pm).
A: Phytoclast showing a preserved multicellular structures. Cell walls are colorless and 
cell lumens are filled with “plum jelly” color humic gels. Sample 47, x 400.
B, C: Phytoclast showing three cells filled with precipitated humic gels (casts). Remains 
of the cell walls are better revealed under blue illumination (C) by displaying a yellow 
fluorescence, while the three cell gels are not fluorescent. Sample DD-1/1, x 400 and x 
200, respectively.
D, E: Example of cell gel found as a dispersed, individual particle, typically “plum 
jelly” color under transmitted light (D) and none fluorescent under blue illumination 
(E). Sample 50, x 400 and x 200, respectively.
F, G: Rounded cell gel particle showing dull brown fluorescence (G). Sample JS-19, x 
400 and x 200, respectively.
H, I: Rounded resin particle showing bright yellow fluorescence (I). Because resins may 
darken with oxidation, their fluorecence properties may become diagnostic to 
differentiate cell gel from resin particles (cf. illustrations F and G). Sample JS-19, x 400 
and x 200, respectively.
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states, classification criteria, and fluorescence properties are discussed in Chapter 5 (cf. 
Figs. 5.5 to 5.10).
Phytoclasts are herein defined as particles derived from multicellular tissue 
fragments of land plants of various degrees of degradation, excluding dermal tissue 
(epidermis/cuticle). The types of tissues and composition of phytoclasts recovered from 
the Mahakam Delta sediments are discussed below.
Cell Gels (Fig. 4.3 B-G)
These particles form by precipitation of humic colloids into a clear, gelified 
substance that eventually fills the cell lumen of plant tissues (Diessel, 1992). These 
humic gels can be found within the cells of phytoclasts (Batten, 1996), in which case, 
they are not counted as individual particles (cf. Fig. 4.3 A-B). Alternatively, mechanical 
or chemical breakdown of the phytoclasts can liberate and dispersed humic gels, and 
those are herein counted as individual particles (cf. Fig. 4.3 D-F).
Ceil gels are here defined as amorphous, homogenous, rectangular, cylindrical, 
or rounded, brown to orange (typically “plum jelly” color) particles, generally around 
10-50 pm in size. Under blue illumination, cell gels display dull brown to no 
fluorescence (cf. Fig. 4.3 E-G).
Resins (Fig. 4.3 H-I)
Resins are internal or extracellular secretions of higher plants. In tropical 
Southeast Asia, prolific resin-producing trees are typically Dipterocarpaceae (in 
lowland evergreen rain forest) and Podocarpaceae (conifer in the mountain forest), 
amongst other families. Resins are complex lipidic, hydrocarbon molecules, highly
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resistant to decay (Langenheim, 1969. 1990). As resins are soft, they easily become 
rounded during transport, and darken with atmospheric oxidation (Tyson. 1995).
Resins are here defined as amorphous, homogenous, rounded, cylindrical, to 
sub-angular, yellow to brown particles, generally around 30-70 pm in size. Under blue 
illumination, resins display bright yellow to yellow-gold fluorescence.
Note the similarity between the description of cell gel and resin particles.
Indeed, both can appear as homogenous, “plum jelly” colored particles of similar size 
under transmitted light, and only their fluorescence properties are distinctive (cf. 
pictures Fig. 4.3 F-I).
Cuticles and Epidermal Tissues (Fig. 4.4 A*F)
The epidermis is the outermost layer of cells (cellulosic walls) covering the 
surfaces of higher land plant organs (leaves, herbaceous stems, young roots, etc.), and is 
coated with an extra-cellular waxy cuticle (except on rootlets). The cuticle is composed 
of cutin, a complex lipid-rich substance resistant to degradation. The cuticle forms a 
cast of the underlying epidermis morphology, often revealing imprints of cellular 
structures and stomata (Fahn, 1987), as illustrated in Figure 4.4 A-B. In sediments, most 
cuticle fragments are derived from leaves. Cuticles are found detached from the leaf 
surface if there has been degradation of the epidermal cellulosic cells (Tyson, 1995).
The outer walls of epidermic cells may also be impregnated with cutin. 
Therefore, the presence of remains of these outer cellulosic walls may explain the 
appearance of “gelification” of cuticle fragments (Babel, 1975), as observed in the 
Mahakam Delta sediments (Fig. 4.4 C-E).
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Figure 4.4 Illustration of kerogen types identified in the Mahakam Delta and shelf 
sediments (cuticle fragments). All photographs taken in normal transmitted light at x 
400 magnification (scale: 1 cm = 10 pm) and under blue illumination at x 200 
magnification (scale: 1 cm = 20 p.m).
A, B: Cuticle sheet with imprints of stomata, displaying yellow-gold fluorescence under 
blue illumination (B). Sample HWS-1/2.
C, D: Cuticle sheet showing evidence of gelification, particularly in the lower half area 
of the particle. Gelification is evidenced under blue illumination (D), as the gelified part 
of the cuticle displays no fluorescence, while the intact surface has a bright yellow 
florescence. Sample CBTD-8/2.
E, F: Heavily gelified cuticle sheet. Under blue illumination, the surface of the fragment 
covered by humic gels shows no fluorescence, while uncovered area displays a bright 
yellow florescence. Sample 112.
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The term “cuticle” is here defined as a collective term for fragments of detached 
cuticles or of attached epidermis/cuticles. These particles are two-dimensional, colorless 
to pale yellow, and variable in thickness. Cellular imprints may appear faint under 
transmitted light but are clearly defined under fluorescent light. Under blue 
illumination, cuticles display bright yellow to yellow-gold fluorescence (cf. Fig. 4.4 B, 
D, F).
Nypa Rootlets (Fig. 4.5 A-F)
Nypa rootlet particles are sheet-like remains, on which two distinctive cell layers 
can often be distinguished. One layer is made of thick walled, square to rectangular 
cells (about 15-20 pm) that are arranged tightly in linear order. The other layer is made 
of very thin walled, large rectangular cells (about 40-60 pm), which are rather loosely 
aligned along the axis of the first cell layer (Fig. 4.5 A-B). The remains are typically 
yellow in color, but can be colorless to orange, and are found as single cells or as groups 
of cells. Under blue illumination, these particles display bright yellow-gold fluorescence 
(Fig. 4.5 C); however, fluorescence decreases to dull brown upon degradation of the 
fragments, losing their well defined cellular structure.
These remains are interpreted as Nypa rootlet cuticles (exodermis). In studies of 
macrodetritus from the Mahakam Delta (Gastaldo and Hue, 1992; Gastaldo, 1994), 
Gastaldo identified non-woody cuticular sheets without stomata from Nypa swamp soils 
as Nypa rootlets remains. SEM photography of a rootlet (Fig. 4.5 D-E) revealed that the 
outer cell surface is coated with a thick (about 3 pm) deposit of suberin (Fig. 4.5 F), 
possibly as a protective adaptation to salinity variation (M. Collinson, 1999, pers. com.). 
Suberisation of outer cellular tissue occurs in the roots of many plants (Fahn, 1987).
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Figure 4.5 Dlustration of kerogen types identified in the Mahakam Delta and shelf 
sediments (Nypa rootlet remains). Photographs A and B taken in normal transmitted 
light at x 250 magnification (scale: 1 cm = 15 pm), and C taken under incident blue 
light at x 200 magnification (scale: 1 cm = 20 pm).
A: Typical Nypa rootlet remain clearly showing two layers of cells, 1) square cells with 
thick walls, arranged in linear order, and 2) thin, large, rectangular cells. Sample ATCF. 
B, C: Nypa rootlet fragment, which displays bright yellow fluorescence under blue 
illumination (C). Sample DTC-4.
D, E, F: Nypa rootlet about 2 mm in length showing linearly arranged, square cells on 
its surface (D). Close up view (E) to illustrate that these cells have similar shape, size, 
and order than those of the first cell layer observed under transmitted light (cf. 
photograph A). Detailed, transversal, cross-section view (F) through the rootlet showing 
thickened outer walls of the surface cell layer, possibly due to suberin deposits. SEM 
photographs, sample IB-2/1.
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Suberin are complex, lipid-rich compounds similar to cutin, which are resistant to decay 
(Babel, 1975).
Pollen and Spores
Pollen and spores are disseminating reproductive entities of plants 
(Gymnosperms, Angiosperms, and Cryptogams). The outer wall of pollen and spores, 
the exine. contains sporopollenin, which is one of the most resistant organic materials in 
nature (Combaz, 1980; Traverse, 1988).
In the Mahakam Delta sediments, pollen and spores are generally pale yellow to 
yellow in color (cf. Fig. 2.5 A-F in Chapter 2). Under blue illumination, pollen and 
spores display bright yellow to yellow-gold fluorescence.
Charcoal (Fig. 4.6 G)
Charcoal is produced by the burning of vegetation by wild fires. It is dispersed 
by wind and running water, and may eventually be incorporated into sediments.
Charcoal is almost pure carbon, which is chemically inert (Diessel, 1992).
Charcoal is opaque in transmitted light (Masran and Pocock, 1981). A particle is 
classified as charcoal when it is black in color to its edges, with a glowing (reflective) 
surface. Charcoal shows no fluorescence under blue light illumination 
Fungal Remains (Fig. 4.6 A-C)
Fungi are primary decomposers of organic matter on land. Fungi are typically 
filamentous organisms that grow into a network of filaments called hyphae. Spores and 
fruiting bodies are reproductive entities. The framework substance of fungal cell walls 
is chitin; melanin pigments confer a brown coloration to cell walls upon exposure to 
sunlight (Deacon, 1997).
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Figure 4.6 Illustration of kerogen types identified in the Mahakam Delta and shelf 
sediments (fungal remains, arthropod remains, and charcoal). All photographs taken in 
normal transmitted light at x 400 (scale: 1 cm = 10 pm) or at x 250 (scale: 1 cm = 15 
pm) magnification.
A, B, C: Fungal remains. A. Ornamented hyphae fragment containing some pyrite 
crystals (sample JS-18, x 400). B. Typical, thin, brown hyphae fragment (sample JS-37, 
x 400). C. Fruiting body (sample JS-18, x 250).
D, E, F: Arthropod remains. D, E. Sheet-like fragment showing hairs and pores, 
typically brown in color (samples 75 and JS-33, respectively, x 400). F. Mandibles or 
jaws of an arthropod or an annelid (sample IB-2/2, x 250).
G: Charcoal particle showing, typically, an entirely black and reflective surface (sample 
D 1 -S1, x 400).
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Fungi hyphae (cf. Fig. 4.6 A-B), spores (cf. Chapter 2, Fig. 2.5 G-I), and fruiting 
bodies (cf. Fig. 4.6 C) were counted separately. However, this category includes all 
remains from fungal activity. Fungal hyphae are thin, tubular structures, which may be 
separated internally by septae, usually mat brown in color, but occasionally pale yellow 
to colorless (Elsik, 1996). Spores and fruiting bodies are brownish to dark brown. Under 
blue illumination, fungal remains are non-fluorescent.
Arthropod Remains (Fig. 4.6 D-F)
These particles consist of the chitinous fragments of terrestrial and marine 
arthropod exoskeletons, such as insects and crustaceans (Batten, 1996). Arthropod 
remains are non-fluorescent under blue light illumination.
Two dimensional sheets with diagnostic animalian features (hairs, pores, etc.) 
are typically classified as arthropod remains (Tyson, 1995). These panicles are 
brownish, angular, usually thin but of variable thickness (cf. Fig. 4.6 D-E). Also, this 
category includes panicles resembling mandible parts (cf. Fig. 4.6 F) and denticulate 
exopodite segments of arthropods, as described by Van Waveren (1993, 1994b).
Thin Sheets (Fig. 4.7 A-C)
These panicles are very thin, colorless, non-cellular folded membranes of 
unknown origin. The smooth surface shows no biostructure (Fig. 4.7 A), however, they 
can be covered with granules of amorphous organic matter (Fig. 4.7 C). Under blue 
illumination, thin sheet panicles showed rather dull yellow-orange, orange, to non­
fluorescence (Fig. 4.7 B).
Because of their subdued fluorescence and presence in marine sediments, thin 
sheet panicles are believed to be faunal relicts (Tyson, 1995), possibly the linings of
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Figure 4.7 Illustration of kerogen types identified in marine sediments of the Mahakam 
shelf (thin sheet particles, zooclasts, and AOM flakes). Photographs were taken in 
normal transmitted light at x 400 (scale: 1 cm = 10 pm) or at x 250 (scale: 1 cm = 15 
pm) magnification, except illustrations B and J taken under incident blue light at x 200 
magnification (scale: 1 cm = 20 pm).
A, B: Thin sheet particle, colorless, folded, and showing a dull orange fluorescence 
under blue illumination (B). Sample 100, x400.
C: Thin sheet fragment covered with granules of amorphous organic matter (AOM). 
Sample 100, x 400.
D. Biserial microforam lining showing that the larger chambers appear to breakdown 
into a fragment that could be identified as a thin sheet particle. Sample D16-S4, x 400.
E, F, G, H: Zooclasts derived from a copepod egg casing (E; sample P10-S4, x 400), a 
tintinnomorph (F; sample D16-S4, x 250), a microforam lining (G; sample D6-S4, x 
400), and an unknown origin (H; sample D6-S4, x 250).
I, J: A flake of amorphous organic matter (AOM), showing a rather dull yellow 
fluorescence under blue illumination (sample D1-S2, x 400).
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ostracodes or bivalves (Batten, 1996). However, transparent, folded palynodebris have 
been described by Van Waveren (1993, 1994b) as crustacean remains. As illustrated in 
Figure 4.7 D. thin sheets could result from the breakdown of microforam linings. 
Marine Palynomorphs
Marine palynomorph is a collective term for organic-walled microfossils, 
produced by planktonic or benthic marine organisms. In the Mahakam deltaic and shelf 
sediments, marine palynomorphs include microforam linings, copepod eggs, 
tintinnomorphs, and dinocysts (cf. Fig. 2.6 in Chapter 2).
Zooclasts (Fig. 4.7 C-H)
The term “ zooclast” is a collective term for fragments of animal-derived 
marine palynomorphs, that here generally includes remains of microforam linings (cf. 
Fig. 4.7 G), copepod eggs (cf. Fig. 4.7 E), and tintinnomorphs (cf. Fig. 4.7 F). Under 
blue illumination, zooclasts showed either none fluorescence or dull yellow-gold to 
light brown fluorescence.
CONSTITUTION OF PHYTOCLASTS IN THE MAHAKAM DELTA
Phytoclasts are land plant remains derived from the breakdown of plant organs. 
In forests, the most important plant materials in the formation of soil organic matter are 
leaves, roots and stems from the ground vegetation. These plant organs are essentially 
composed of three group of tissues, namely, parenchyma, lignified and bark tissues 
(Babel, 1975, 1985). Phytoclasts are more likely to consist of remains from these three 
tissue materials, because collenchyma, sclerenchyma, and epidermis tissues are 
quantitatively of lesser importance in plants (Fahn, 1987).
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Plant Tissue Constituent o f Phytoclasts
Although phytoclasts are found altered to different degrees, cellular structures 
are often preserved. Observation and description of cell characteristics allows the 
identification of the plant tissue types composing the bulk of phytoclasts from 
Mahakam Delta sediments. Cell characteristics are summarized in Figure 4.8.
Common Cellular Characteristics of Phvtoclasts
The cell walls are generally thin, but can also be up to few microns in thickness. 
The surface of cell walls is smooth. Cells are polyhedral, elongated with tapered ends, 
or rectangular in shape, and are of variable size (but rarely larger than about 100 pm).
Such cellular structures could correspond to those of parenchyma and of 
collenchyma cells. Parenchyma tissue forms the green tissues of leaves, the cortex of 
stems, young twigs, and fine roots (Babel, 1975). Collenchyma is a supporting tissue 
that may occur in leaf petioles, nervures, roots, herbaceous plants, etc. (Fahn, 1987). 
Cellular Characteristics of Wood
Fibers, tracheids and vessels (those latter mostly in the case of Angiosperms) are 
the cellular elements that form the wood that make up most of a tree trunk. Tracheids 
and vessels have a thick secondary wall and are perforated by numerous pits. The most 
conspicuous characteristics of wood cells are the patterns of lignified thickening, which 
results in helicoidal, spiral, scalariform, or pitted omementation of the cell walls. 
Tracheids are elongated cells with slanted ends (up to few millimeters in length) 
whereas vessels are larger in diameter (Fahn, 1987).
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CELL
CHARACTERISTIC WOOD DEBRIS OTHER PLANT TISSUE
Cell wall Thick, with pits or ornaments
Thin to thick, 
and smooth
Cell shape Very long and very wide
Polyhedral and 
rectangular
Cell size
Generally 300-800 pm. 
Can be up to a few mm 
in size
Generally < 100 pm  in 
diameter and < 200 pm 
in length
i
Tracheids, vessels, fibres 
1
1
Parenchyma, collenchyma i
I
T
TRUNK, BRANCH, 
ROOTS, etc.
▼
LEAF, PETIOLE, 
ROOTLET, etc.
Figure 4.8 Diagram summarizing the characteristics o f  wood cells and the cells 
o f other plant tissues.
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The Blender Experiment
To confirm that cellular characteristics of tissue fragments less than 200 p.m in 
size can be recognized under a transmitted light microscope at 40Qx magnification, a 
simple experiment was designed. Several dead leaves are placed in a kitchen blender 
with about 1 liter of water and mixed together to reduce the leaves and petioles into fine 
fragments. Next, the same procedure of sieving and mounting of microscope slides, as 
used during the processing of sediment samples, is followed. The organic residue, about 
10-200 pm in sizes, is stained with safranine before being mounted on a slide. The same 
experiment was carried out with wood chips.
The experiments were conclusive. Thin walled, smooth, polygonal and 
rectangular cells, resembling the majority of phytoclasts described in the Mahakam 
Delta sediments, are produced by fine fragments of leaf and petiole tissues (Fig. 4.9 A- 
E). Fragments of wood cells are clearly identifiable due to their ornaments and pits; 
long, thin fibers are also recognized (Fig. 4.9 F-H).
Chemical Composition of Plant Tissues
Cellulose microfibrils form the basic framework of plant primary cell walls; 
interspaces are filled with hemicellulose and pectic substances. When a secondary cell 
wall develops, such as in wood tissues, deposits of lignin spread throughout the cell 
wall layers. Incrustations of other substances such as tannins, suberin, etc. generally 
also occur. The cell walls of parenchyma and sclerenchyma tissues are primarily 
composed of cellulose and hemicellulose, however, deposits of lignin may occur in 
sclerenchyma cells (Fahn, 1987).
171
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.9 Illustration of freshly collected leaf and wood debris after blending in a food 
processor. All photographs taken in normal transmitted light, at x 340 magnification 
(scale: 1 cm = 30 pm) for illustrations A and F, and at x 170 magnification (scale: 1 cm 
= 15 pm) for all others.
A-E: Debris of leaves and petioles showing smooth, thin (C, D, E) to thick (A, B) walls, 
polyhedral (D, E) to rectangular (A, B, E) cells.
F-J: Wood debris showing fragments of cells with thick walls and numerous pits (F, G, 
I), and long, thin fiber cells (H, I).
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The most important components of plant tissues are cellulose, hemicellulose, 
and lignin (Hue. 1980). Cellulose and hemicellulose are polysaccharides 
(carbohydrates) of high molecular weight. A series of less abundant and less complex 
polysaccharides also contribute to the constitution of plant cells (e.g.. pectin, methylated 
sugars). Lignin is a highly stable, mixed polymer, containing aromatic structures (Tate, 
1995).
Proportion of Wood Fragments in the Phytoclast Fraction
Wood debris is not separated from the other plant tissues within the phytoclast 
group. In an independent count, the proportion of wood fragments versus “soft tissues” 
is estimated on counting a total of 200 phytoclasts particles in 72 samples. Average 
percentages of wood remains represent a minor fraction of the sedimentary organic 
matter in deltaic channel sediments (0.6 ± 0.5%, n = 35 samples), in swamp sediments 
(0.6 ± 0.5%, n = 22 samples), and in shelf sediments (1.1 ±  1.0%, n = 15 samples). 
DISTRIBUTION OF TERRESTRIAL VERSUS MARINE KEROGEN
Figure 4.10 illustrates the distribution of particulate organic matter of terrestrial 
versus marine origin. The map shows that from the Mahakam River sediments inshore, 
to around the limit of the prodelta offshore, over 80% of the sedimentary organic matter 
are dominated by terrestrially derived particles.
As diffuse aggregates of organic matter are not part of the kerogen classification, 
marine amorphous organic matter (AOM) is not included in the relative proportions of 
terrestrial versus marine kerogen. However, Satchell and Wrenn (1995) contour mapped 
the proportion of AOM fraction in offshore sediments (Fig. 4.11). The map shows 
seaward grading of dominantly terrestrial (20% AOM) to dominantly marine (> 60%
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Limit o f  subtidal platform \
H Limit o f  delta from 
in : Limit o f  prodelta 
IV  Continental shelf edge '—
Haiimeda 
t r \  j  b io h c im s
Terrestrial vs. m arine kerogen (% )
520.000 540.000 560.000 580.000 600.000 620.000
Figure 4.10 Contour map o f terrestrially-derived kerogen percentages across 
the Mahakam Delta shelf area. The 80% isoline shows that terrestrially- 
derived kerogen strongly dominate SOM assemblages as far as in mid-to- 
distal prodelta deposits. The map is produced by a contouring program 
(Surfer 6.04) that uses Kriging gridding method.
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1^ Limit o f  subudal platform 
D Limit o f  delta front 
i l l  Limit o f  prodeita 
IV  Continental shelf edge 00
20 km
I M arine AOM (% )
versus -
; all other kerogen !
I i 40-60% 
■  >60%
320.000 340.000 360.000 580.000 600.000 620.000
Figure 4.11 Hand-contoured map of marine amorphous organic matter 
(AOM) percentages across the Mahakam Delta shelf (redrawn and adapted 
from Satchell and Wrenn, 1995). Note that the 80% isoline of terrestrially- 
derived kerogen and the 20% isoline o f marine AOM follow a comparable 
pattern and similar irregularities.
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AOM) facies. The marine AOM is grayish-yellow, fluffy, fluorescing, clumping 
aggregates with fine inclusions of pyrite and other mineral particles (cf. Fig. 4.7 I-J).
Both maps revealed comparable distribution patterns, with the dominance of 
terrestrial organic matter (> 80%) across the inner to middle shelf (until around the 
distal prodelta areas). The 20% AOM and the 80% terrestrial matter contour lines 
follow similar irregularities. For instance, the seaward limit of the 80% terrestrial matter 
contour line is pushed landward in front of the southern distributary and seaward in 
front of the interdistributary zone. In addition, an anomalous terrestrial assemblage is 
found near the southern shelf edge. This has been interpreted by Satchell and Wrenn 
(1995) as submarine outcrop of Pleistocene lowstand shelf edge delta sediments.
Terrestrially-derived kerogen clearly dominates the organic content of sediments 
from the fluvial channels, offshore to the middle-to-distal prodelta (80-100%).
Therefore, a detailed description of the relative proportions of the different types of 
terrestrial kerogen is necessary in order to differentiate these depositional environments. 
RESULTS OF PALYNOFACIES ANALYSIS
Fifteen (15) deltaic and shelf environments of deposition are described using 
two data sets: the percentages of 12 kerogen types and the percentages of pyritized 
phytoclasts. Figures 4.12 (a-1) illustrate that various proportions of the 12 kerogen types 
are deposited within the 15 different depositional environments. The percentages of 
pyritized phytoclasts express in which environmental settings pyrite crystals are 
contaminating sedimentary organic matter (Fig. 4.13a). Both data sets are integrated to 
classify the organic matter content of sediments into a series of palynofacies. Table 4.1 
presents a summary of results (relative proportions of 12 kerogen types and pyritized
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TSW = transitional swamp (n=12) 
NSW = Nypa swamp (n= 18)
MSW = mangrove swamp (n=7) 
PB = peat beach (n=7)
DEPOSITIONAL ENVIRONM ENT
DC I -  upper distributary (n=17) 
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Figure 4.12 Boxplots displaying percentage value distribution of different kerogen types 
across various depositional environments.
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Figure 4.12 (continued). Boxplots displaying percentage value distribution of different 
kerogen types across various depositional environments.
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Figure 4.12 (continued). Boxplots displaying percentage value distribution o f different 
kerogen types across various depositional environments.
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DEPOSITIONAL ENVIRONM ENT
RF = rain forest (n=7)
TSW = transitional swamp (n=12) 
NSW = Nypa swamp (n=I8)
MSW = mangrove swamp (n=7) 
PB = peat beach (n=7)
DC1 = upper distributary (n=17) 
DC2 = lower distributary (n» 18) 
TCI = upper tidal channel (n=13) 
TC2 = lower tidal channel (n=I8) 
STP= subtidal platfonn (n*10)
C = coastal (n=5)
DF = delta front (n= 11)
PD = prodelta (n*23)
SS = starved shelf (n-15)
SH = Halimeda bioherm (n-14)
Figure 4.12 (continued). Boxplots displaying percentage value distribution o f different 
kerogen types across various depositional environments.
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RF = rain forest (n=7)
TSW = transitional swamp (n=12) 
NSW = Nypa swamp (n=18)
MSW = mangrove swamp (n=7) 
PB = peat beach (n=7)
DEPOSITIONAL ENVIRONM ENT
DC1 = upper distributary (n=17) 
DC2 = lower distributary (n=l8)
TC 1 * upper tidal channel (n=13) 
TC2 = lower tidal channel (n*18) 
STP = subtidal platfonn (n=10)
C = coastal (n=5)
DF = delta front (n= 11)
PD = prodelta (n“ 23)
SS = starved shelf (n= 15)
SH -  Halimeda b iohenn (n*14)
Figure 4.13 a) Boxplots displaying the distribution of pyritized phytoclast percentages 
across various depositional environments, b) Results of Mann-Whitney test presented as 
a two-entry table with the depositional environments tested against each other. Pairs of 
environment that statistically differ in their proportion of pyritized phytoclasts are 
shown in bold type (P < 0.05, 95% confidence level).
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Table 4.1 Palynofacies and sub-palynofacies o f the 15 depositional environments (listed horizontally) defined by the proportions 
o f 12 kerogen types and pyritized phytoclasts (listed vertically). This table summarizes the relative proportions of kerogen types.
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phytoclasts) in the 15 different depositional environments, including the palynofacies 
(Roman numbers and names) defined from them.
Six primary palynofacies (I to VI) are defined characterizing sediments from 15 
deltaic and shelf sub-environments of deposition. These palynofacies are: I) terrestrial 
delta plain, II) tidal delta plain, HI) deltaic, IV) prodelta, V) starved shelf, and VI) 
carbonate Halimeda shelf. Two of these primary palynofacies (II and HI) are subdivided 
into two and four sub-palynofacies respectively based on secondary features. Tidal delta 
plain palynofacies (type II) is subdivided into two sub-facies: Ha) supratidal to inner 
intertidal delta plain and lib) outer intertidal delta plain. Deltaic palynofacies (type HI) 
is subdivided into four sub-facies: Ilia) upper fluvial distributary, Illb) upper tidal 
channel, IUc) lower fluvial distributary, iower tidal channel and subtidal platform, and 
md) coastal and delta front. Palynofacies are illustrated by histograms (Fig. 4.14 and 
4.15).
Results of Mann-Whitney tests performed on key kerogen types are shown in 
Table 4.2. Results are given only for the relevant comparisons of pairs of palynofacies 
for which percentages of selected kerogen types significantly differ between 
palynofacies. The critical value is calculated in probability P values at 5% level of 
significance. If P < 0.05, there are statistically significant differences in the percentages 
of the two populations tested.
Boxplots display the percentage distribution of 12 kerogen types in samples 
grouped according to their depositional environment (cf. Fig. 4.12 a-1). These diagrams 
indicate that percentages of certain kerogen types may be highly variable. However,
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Figure 4.14 Histograms displaying variation in the proportions o f  12 kerogen types characteristic o f Palynofacies I, II a, II b 
III a, III b/c, and III d. Bar heights indicate mean values, and error bars the standard deviation.
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Figure 4.15 Histograms displaying variation in the proportions o f 12 kerogen types characteristic o f Palynofacies IV, V, and 
VI. Bar heights indicate mean values, and error bars the standard deviation.
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Table 4.2 Results of Mann-Whitney tests (given in probability P  values) comparing the proportions o f selected kerogen types 
for pairs o f palynofacies. Bold type indicates significant differences between two palynofacies tested (P < 0.05,95% 
confidence level). l=Terrestrial delta plain, ll=Tidal delta plain (a, Supratidal to inner intertidal; b, Outer intertidal), lll=Deltaic 
(a, Upper fluvial distributary; b/c, Tidal channel, Lower fluvial distributary, Subtidal platform; d, Coastal, Delta front), 
IV=Prodelta, V=Starved shelf, IV=Carbonate shelf.
00-J
PALYNOFACIES KEROGEN TYPES
n
Phytoclast Cell gel Resin Cuticle Nypa
rootlet
Pollen
spore
Charcoal Fungal
remain
Arthropod
remain
Thin
sheet
Marine
palynomorph
Zooclast
M l 53 - - 0.00 0.00 - 0.00 - - - - -
M i l 99 - - 0.00 0.00 - 0.00 - - - - -
II- III 138 0.00 0.00 - - - - - - - - -
lla- III 122 - - - - 0.00 - - - - - -
lla- lib 46 0.00 - - - 0.00 - - - - - -
Ilia- lllb/c 76 - - - - 0.00 - - - - - -
Ilia- llld 33 - - - - 0.00 - - - 0.03 0.01 0.00
lllb /c- llld 75 - - - 0.00 0.16 - - - 0.00 0.00 0.00
llld - IV 39 - - - - - - - - 0.04 0.00 0.00 0.00
I V - V 38 0.00 - 0.00 0.03 - 0.00 0.00 0.02 0.01 0.06 0.01 0.00
V- VI 29 0.00 0.00 0.01 - - - 0.04 0.01 0.93 0.79 0.00 0.00
these variations were not related to changes in lithology within a depositional 
environment.
Lowland Rain Forest 
Distribution of Kerogen
Palynofacies I (cf. Fig. 4.14) is defined as typical of tropical lowland rain forest 
soils, accumulated in the terrestrial part of the delta plain. Although only seven samples 
are collected from the two cores taken within the rain forest (HWS-1 and HWS-2), their 
organic content are profoundly and consistently different from any other encountered in 
the Mahakam Delta area. Variation in lithology (organic mud, mud, and sandy mud) 
does not affect the palynofacies.
The most striking peculiarity of this organic assemblage is its richness in cuticle 
fragments, pollen/spores, and resin particles (cf. Table 4.2), and the relatively poor 
percentage of phytoclasts. Characteristics of Palynofacies I are summarized as follows: 
extremely high cuticle percentages (30-54%), 
very high pollen/spore (8-15%) and resin (4-6%) percentages, 
phytoclast percentages are low to very low (around 40%),
cell gel, charcoal, Nypa rootlet, and arthropod particles are minor kerogen types (<
2%).
Distribution of Pvritized Phvtoclasts
No phytoclasts infested by pyrite crystals are found in lowland rain forest 
sediments (cf. Fig. 4.13).
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Intermediate Mixed Forest
Distribution of Kerogen
Palynofacies II (intermediate mixed forest, Nypa swamp, mangrove swamp, and 
peat beach sediments) is distinct in being rich in phytociasts and poor in cell gel 
particles (cf. Table 4.2). Both the intermediate mixed (12 samples) and the Nypa palm 
(18 samples) forests are characterized by palynofacies Da (cf. Fig. 4.14), which 
comprise organic mud, peaty mud and muddy peat samples. The principal feature of 
palynofacies Ila is the consistent presence of Nypa rootlet remains in the organic 
assemblage. Although not present in high proportions, Nypa rootlet remains are present 
in higher percentages (1-10%, cf. Table 4.2) than in other delta plain and deltaic 
palynofacies (I, lib, IE).
Samples are located in the inner intertidal to supratidal parts of the delta plain. 
Variation in the relative percentages of the different organic matter are thus probably 
related to changes within the forest flora, since hardwood trees progressively replace 
Nypa palms toward the supratidal area of the delta plain.
Palynofacies Ila characteristics are summarized as follows: 
phytoclast percentages are average to high (mean = 80%), 
high-to-very high percentages of Nypa rootlet remains, 
average-to-high percentages of fungi remains (1-9%) 
low-to-average percentages of cell gels (mostly < 10%),
minor-to-high percentages of cuticle (1-10%), pollen/spore (0-3%), and resin (0-3%) 
particles
- charcoal and arthropod remains are minor kerogen types (< 2%).
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Distribution of Pvritized Phvtoclasts
No pyritized phytoclasts are found in the intermediate mixed forest sediments 
(cf. Fig. 4.13), with the exception of one sampling station (DTC-4) which is near the 
limit of the inner intertidal delta plain.
Nypa Palm Swamp 
Distribution of Kerogen
Nypa palm swamp and intermediate mixed forest sediments exhibit the 
palynofacies described above as Palynofacies Da.
Distribution of Pvritized Phvtoclasts
Nypa swamp sediment samples are of two types (cf. Fig. 4.13): 9 samples 
contain nil to low percentages of pyritized phytoclasts (< 4%) and 10 samples contain 
average to high proportions of pyritized phytoclasts (6-26%).
Mangrove Swamp 
Distribution of Kerogen
Sediments (mud, organic mud, peaty mud, muddy peat, peat) collected from the 
outer intertidal delta plain, mangrove swamp (8 samples) and peat beach (8 samples), 
have similar organic assemblages (Palynofacies lib). This palynofacies is characterized 
by being composed essentially of phytoclasts (cf. Table 4.2); consequently, all other 
kerogen types represent minor component of the organic assemblage. The 
characteristics of Palynofacies lib (cf. Fig. 4.14) include:
- high phytoclast percentages (80-90%), 
low cell gel percentages (2-6%), 
low-to-average percentages (< 2-5%) of fungi remains,
190
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
percentages of resin and Nypa rootlet particles are minor (< 1%) to high (1-2%, in 
some detrital peat beach samples),
cuticle, charcoal, pollen and arthropod remains represent minor kerogen types. 
Distribution of Pvritized Phvtoclasts
Percentages of pyritized phytoclasts are nil to low (< 4%) in mangrove 
sediments (cf. Fig. 4.13).
Detrital Peat Beach 
Distribution of Kerogen
Detrital peat beach and mangrove swamp sediments consist of Palynofacies lib 
described above.
Distribution of Pvritized Phvtoclasts
There are two types of sediments with respect to the abundance of pyritization 
(cf. Fig. 4.13): four samples have nil to low percentages of phytoclasts containing pyrite 
crystals and three samples are highly contaminated (20-40%).
Fluvial D istributary Channel 
Distribution of Kerogen
Fluvial distributary, tidal channel, subtidal platform, and delta front sediments 
yield similar organic content. Palynofacies HI characterizes these environments by an 
average proportion of phytoclasts with a rather high ratio o f cell gels, in contrast to tidal 
delta plain palynofacies (II) which is dominated by high phytoclast percentages 
accompanied with low proportion of cell gels (cf. Table 4.2). Three palynofacies (Ilia, 
mb/c, and m d) are discerned amongst the subaquatic deltaic environments, based on 
subtle differences in the proportions of Nypa rootlet fragments and of marine kerogen
191
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(cf. Fig. 4.14). Palynofacies Ola characterizes the upper fluvial distributary sediments, 
Palynofacies mb/c characterizes the lower fluvial distributary, tidal channel, and 
subtidal platform sediments, and Palynofacies Old characterizes the delta front and 
coastal sediments. Palynofacies mb/c, comprising samples from lower fluvial 
distributaries, is described in the ‘Tidal Channel” sub-section.
The upper parts of fluvial distributaries are not reached by tides. Sediments (17 
samples) include mud, sandy mud. muddy sand, or sand. The principal feature of the 
organic assemblages is the absence of Nypa rootlet remains, in contrast to their presence 
in varying abundance in the vast majority of deltaic sediments (cf. Table 4.2). 
Characteristics of Palynofacies Ilia are summarized as follows: 
average percentages of phytoclasts (60-80%), 
average-to-high percentages of cell gels (mostly between 15-20%), 
low-to-high percentages (1 -9%) of fungi remains,
percentages of cuticle and charcoal particles are minor, except for few samples with 
high values (4-6% of cuticle and 1-3% of charcoal),
Nypa rootlet, resin, pollen/spore and arthropod particles are minor kerogen types. 
Distribution of Pvritized Phvtoclasts
In sediments from upper fluvial distributaries, phytoclasts generally show no 
pyrite contamination (cf. Fig. 4.13). Results for the lower portion of fluvial 
distributaries are described in the “Tidal Channel” subsection.
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Tidal Channel
Distribution of Kerogen
Palynofacies mb/c includes the organic assemblages of the lower fluvial 
distributary, tidal channel, and subtidal platform sediments (59 samples of mud, sandy 
mud, muddy sand, sand, calcareous muddy sand, or carbonate mud). Palynofacies Ulb 
and IIIc are distinguished based on the degree of pyrite contamination of the sediment 
organic matter (see below).
A conspicuous attribute of Palynofacies mb/c is the lack of organic particles of 
marine origin (cf. Fig. 4.14). For instance, only a few zooclasts are counted out of 400- 
500 kerogen particles in about a third of the samples (mainly those from lower tidal 
channel and subtidal platform). Nypa rootlet remains are rare but systematically found 
throughout these environments (cf. Table 4.2). Characteristics of Palynofacies fflb/c are 
summarized as follows:
average percentages of phytoclasts (60-80%),
- high-to-average percentages of cell gels (mostly 20-30%), 
low-to-high percentages of fungi remains (1 -9%), 
percentages of Nypa rootlet fragments are minor (< 1 %) to high (1-2%), 
cuticle, resin, charcoal, pollen/spore and arthropod particles are minor kerogen 
types.
Distribution of Pvritized Phvtoclasts 
Upper Tidal Channel (Palynofacies Ob)
Pyrite infestation is most abundant in upper tidal channel sediments (cf. Fig. 
4.13a), where percentages of phytoclasts contaminated by pyrite are high to very high
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(generally 20-40%). Mann-Whitney tests (cf. Fig. 4.13b) demonstrate that percentages 
of pyritized phytoclasts are statistically higher in upper tidal channel than in any other 
depositional environments.
Lower Tidal Channel (Palynofacies lie)
The proportion of pyritized phytoclasts is highly variable, especially in lower 
tidal and lower fluvial distributary sediments. This could be attributed to large ranges of 
TOC values (0.2-4%), sand content (0-99%), and degree of freshwater influx. 
Nevertheless, the lower fluvial distributary, lower tidal channel, subtidal platform, and 
coastal sediments contain similar percentages of pyritized phytoclasts (average to high 
percentages from 5-30%), which are higher than in prodeltaic and marine facies, but 
lower than in upper tidal channels. This is corroborated by Mann-Whitney statistic tests 
(cf. Fig. 4 .13b) and illustrated by boxplot diagrams (cf. Fig. 4.13a). Results of the 
Mann-Whitney tests are presented in a two entry table with the depositional 
environments that are tested against each other (statistically identical pairs of 
environments are shown in bold numbers for P values > 0.05).
Subtidal Delta Platform 
Distribution of Kerogen
The subtidal delta platform is characterized by Palynofacies mb/c, as are the 
lower fluvial distributaries and tidal channels (see description above).
Distribution of Pvritized Phvtoclasts
Subtidal platform sediments have equivalent proportions of pyritized phytoclasts 
as those from lower fluvial distributary, lower tidal channel, and coastal facies (see 
description in “Tidal Channel” subsection).
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Delta Front and Coastal
Distribution of Kerogen
Kerogen from delta front sediments belong to the Palynofacies type III because 
the organic assemblage is still overwhelmingly dominated by terrestrial organic matter, 
in common with other subaquatic deltaic environments. Debris of Nypa rootlets is a 
minor, but ubiquitous, component of the palynofacies. Palynofacies n id  characterizes 
delta front sediments because kerogen of marine origin (e.g., zooclasts. marine 
palynomorphs) are found consistently (although in low percentages), and because the 
proportion of cuticle remains is significantly smaller (cf. Table 4.2 and Fig. 4.14).
Palynofacies m d encompasses delta front and coastal sediments. Coastal 
samples (number 99, 115, 116, 117, 118) are problematic to classify as they come from 
a non-deltaic environment. Results of Mann-Whitney tests support the grouping of 
coastal and delta front samples based on the similarity of their kerogen assemblages. 
Though organic assemblages are similar, high percentages of cell gels (32-38%) with 
lower phytoclast proportions (55-65%) are most characteristic of coastal sediments, 
while average cell gel percentages (8-22%) with higher phytoclast proportions (70- 
84%) are typical of delta front sediments.
Characteristics of Palynofacies m d are summarized as follows: 
average-to-high percentages of phytoclasts (60-84%), 
average-to-high percentages of cell gels (mostly 10-30%), 
low-to-high percentages of fungi remains (0.5-7%),
cuticle, Nypa rootlet, resin, charcoal, pollen/spore and arthropod particles are minor 
kerogen types,
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low percentages of thin sheet fragments (< 0.5%), zooclasts (< 2%), and marine 
palynomorphs (< 0.5%).
Distribution of Pvritized Phvtoclasts
Delta front and coastal sediments have average percentages of pyritized 
phytoclasts (5-15%), comparable to values of lower channels and subtidal platform 
sediments. However, high proportions (> 16%) are no longer observed. Percentage 
values of coastal and delta front sediments are not significantly different (cf. Fig.
4.13b); nonetheless, the amount of pyrite contaminated phytoclasts progressively 
decreases toward the offshore marine facies (cf. Fig. 4.13a).
Prodelta
Distribution of Kerogen
Organic assemblages of prodelta sediments begin to reflect more distinctively their 
marine setting than those of the delta front and subtidal platform facies (cf. Table 4.2).
Palynofacies IV characterizes prodelta deposits (cf. Fig. 4.15). Kerogen of marine origin 
varies from 0.5% in proximal to 30% in distal sample locations, resulting in a 
corresponding variation in the proportions of terrestrial kerogen. All 23 prodelta 
samples are carbonate mud (5-20% CaCOs) with the exception of one sample (20-40% 
CaCC>3). Characteristics of Palynofacies IV are summarized as follows:
- average-to-low percentages of phytoclasts (40-80%),
- average-to-high percentages of cell gels (mostly 10-20%),
- low-to-high percentages of fungi remains (1-7%),
- cuticle and Nypa rootlet fragments are minor kerogen types.
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minor-to-high percentages of resin (< 2-3%), charcoal (< 1-3%), pollen/spore (< 2- 
5%) and arthropod (< 2-3%) particles,
low-to-average percentages of thin sheet fragments (< 4%), zooclasts (< 20%), and 
marine palynomorphs (< 5%).
Distribution of Pvritized Phvtoclasts
Prodelta sediments have low-to-average percentages of pyritized phytoclasts (2- 
15%). Mann-Whitney tests indicate that the proportions of pyrite contaminated 
phytoclasts are significantly lower than those in deltaic, delta front and coastal 
sediments (cf. Fig. 4.13).
Starved Marine Shelf 
Distribution of Kerogen
Starved shelf deposits clearly reflect restricted terrestrial input and open marine 
realm influence in their organic assemblage (Palynofacies V, cf. Fig. 4.15). Kerogen of 
marine origin varies from 10% to 50% depending upon the sample location from the 
middle (lower percentages) to outer (higher percentages) shelf. Mann-Whitney tests 
indicate significantly lower percentages of phytoclasts, cuticles and fungi remains, and 
higher percentages of resins, charcoals, and pollen/spores in starved shelf than in 
prodelta palynofacies (cf. Table 4.2).
Three lithologies (20-40% carbonate mud, marl, muddy carbonate) are 
represented in 15 samples classified as “starved shelf environment” because of their 
geographical location. No relationship relates lithology (CaC03%) to variation in 
percentages of major kerogen types. Consequently, percentage variations of kerogen 
types are most likely a result of the middle-to-outer shelf sample location, and the
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difficulty of assigning an environment of deposition to some samples due to gradual 
change across shelf environments (e.g., the “boundary” between prodelta and starved 
shelf).
Characteristics of Palynofacies V are summarized as follows: 
low percentages of phytoclasts (40-60%), 
average percentages of cell gels (10-20%), 
average-to-low percentages of fungi remains (1 -4%), 
cuticle and Nypa rootlet particles are almost absent,
high-to-very high percentages of resins, charcoals, and pollen/spores (mostly 2-4%), 
minor-to-high percentages of arthropod remains (< 1-3%),
average-to-high percentages of thin sheet particles (1 -6%), zooclasts (10-30%), and 
marine palynomorphs (2-6%).
Distribution of Pvritized Phvtoclasts
Starved shelf sediments have low percentages (0-6%) of pyrite infested 
phytoclasts (cf. Fig. 4.13).
Halimeda Bioherm Shelf 
Distribution of Kerogen
Palynofacies VI characterizes Halimeda bioherm sediments (cf. Fig. 4.15), as its 
organic assemblage is distinct from that of starved shelf deposits in two respects: higher 
proportion of marine kerogen and different composition of terrestrially derived kerogen. 
Kerogen of marine origin varies from 50% to 90%. Mann-Whitney tests indicate 
significantly lower percentages of phytoclast, cell gel, resin, charcoal and fungi particles 
in Halimeda bioherm than in the starved shelf palynofacies (cf. Table 4.2).
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In contrast to all other depositional environments discussed above, lithology 
appears to influence the organic assemblages of Halimeda bioherm sediments (20-40% 
carbonate mud, muddy carbonate, carbonate). The relationship is substantiated by 
Spearman’s rank correlation coefficients (rs) between the sediment CaC03 percentages 
and the percentages of phvtoclasts (rs = -0.7), the percentages of cell gels (r5 = -0.6), 
and the total percentages of marine kerogen (rs = +0.5). These results are significant as 
the critical value c = 0.5 for 14 samples (cf. published tables at a  = 0.05 in Chase and 
Brown, 1992).
Characteristics of Palynofacies VI are summarized as follows: 
very low percentages of phytoclasts (10-40%), 
low cell gel percentages (< 10%), 
low percentages of fungi remains (< 3%), 
cuticle and Nypa rootlet particles are absent,
minor-to-high percentages of resin (0-3%), pollen/spore (1-5%), and arthropod 
particles (0-3%),
minor-to-very high percentages of charcoal particles (0.5-5%),
average-to-high percentages of thin sheet fragments (1 -6%),
high-to-very high percentages of zooclasts (20-70%) and marine palynomorphs (5-
15%).
Distribution of Pvritized Phvtoclasts
Halimeda bioherm sediments contain minor amounts (< 2%) of pyritized 
phytoclasts (cf. Fig. 4.13).
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DISCUSSION
This study aims to describe the organic content and the distribution of organic 
matter across the Mahakam Delta and shelf area. In contrast with other studies of 
Mahakam Delta sediments, organic fragments are quantitatively dominated by “soft- 
plant tissues” such as leaf and petiole remains, while wood materials are very poorly 
represented. Gastaldo (Gastaldo, 1990; Gastaldo and Hue, 1992; Gastaldo et al., 1993) 
has identified and weighed macrodebris from detrital peat beach and channel sediments 
of the Mahakam Delta. He found that leaf and leaf petiole macrodebris were 
overwhelmingly dominant by their abundance where as wood fragments, although less 
frequently encountered, contributed about as much by their weight as the “soft-plant 
tissues”. However, Gastaldo studied the coarser fraction of the sediment organic matter 
(> 100 pm) while the present work concentrates upon the finer fraction (< 180 pm). 
Consequently, the higher wood representation of the sediment organic matter might be 
related to the fact that wood is more resistant than leaves and petioles to fragmentation 
by mechanical processes, thereby explaining the dominance of “soft tissue” phytoclasts 
in the palynofacies of this study. In Gastaldo’s studies, Nypa rootlets represent a 
significant portion of the organic matter weight in Nypa palm soils, likewise woody 
roots in mangrove soils. Cuticles, resins, roots, fruits and seeds are secondary 
constituents with respect to their weight.
Palynofacies of modem Rajang Delta sediments in West Borneo (Pedentchouk 
et al., 1995; Gastaldo et al., 1996; Gastaldo and Staub, 1997), palynofacies of East Java 
deltaic sediments (Van Waveren, 1989), and palynofacies of Plio-Pleistocene Mahakam 
Delta core sediments (Bellet, 1987), are characterized essentially by plant-derived
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materials. Meaningful comparison is not possible between the present investigation and 
of those above because the kerogen classification systems differ.
Organic Matter Distribution in Tidally-influenced Deltaic Sediments
Sedimentary processes characteristic of a tidally-influenced delta are reflected in 
the distribution and composition of organic matter in delta channels, delta plain, 
subtidal platform, and delta front deposits. Sydow (1996) described sediment 
distribution as follows: the suspended sediment load is transported within the tidal 
prism inshore, redistributed as the tidal flood sweeps over the delta plain, and finally 
sediment is carried across the subtidal platform with the ebb tide. In addition, Sydow 
noted that the smooth arcuate shaped delta front suggests delta progradation along the 
entire length of the front, regardless of the location of the most active fluvial 
distributaries. Muds are thus redistributed across the entire subtidal platform and delta 
front areas by tidal currents.
Two principal observations most clearly support the relation between 
sedimentary processes and the organic content of the resulting deposits. Firstly, 
palynofacies of tidally-influenced depositional environments are remarkably similar. 
Secondly, Nypa rootlet fragments are omnipresent where the tide influences the 
distribution of organic matter, and are thus regarded as “markers” of such tidally- 
influenced sediments. Fragments of Nypa rootlets are absent from the upper fluvial 
distributary and the lowland rain forest sediments; both environments are beyond the 
reach of tides. In addition, Nypa rootlet particles become increasingly rare in prodelta 
deposits, and are almost absent further offshore.
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Reduced tidal currents due to deepening of the water column near the delta front 
and proximal prodelta areas results in high sedimentation rates (Sydow, 1996), 
removing a substantial fraction of terrestrial-derived organic particles from the 
suspended matter. Consequently, although still dominated by terrestrial organic matter, 
kerogen of marine origin becomes noticeable in prodelta palynofacies.
Degree of Organic Matter Pyritization
The diagenetic processes affecting organic matter are mediated by micro­
organisms, among them sulfate reducing bacteria. Their activity contributes to the 
formation of framboidal pyrite crystals, resulting in pyritization of organic matter 
(Jorgensen, 1982; Lallier-Verges et al., 1991). The proportion of pyrite infested 
phytoclasts is here considered to represent the degree to which the sediment is pyritized. 
However, crystals of pyrite could be observed scattered loosely amongst organic 
particles at the surface of cuticle fragments, or developed inside pollen, fungal hyphae, 
microforam lining, etc.
Under strongly reducing conditions below the surficial aerobic zone, sulfate 
reducing bacteria degrade organic matter, as they convert sulfate to sulfite (H2S) 
(Jorgensen and Fenchel, 1976). The amount of pyrite that may form in a sediment is 
limited by the supply of organic matter, dissolved sulfate, and reactive iron minerals 
(Berner, 1983). Thus, because pyrite formation is limited by a number of factors, the 
degree of organic matter pyritization could be a significant paleoenvironmental 
indicator. In sediments from the Mahakam Delta area, pyrite abundance is indeed highly 
variable and is dependent upon the depositional environment.
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Environments Displaying an Absence of Pyritization
In sediments from the upper parts of fluvial distributaries and from the upper 
delta plain, the absence of pyrite is most likely related to a shortage in sulfate supply 
from seawater. The rarity of pyritized organic particles in Halimeda bioherm sediments 
is typical of calcareous biogenic facies because of low reactive iron supply (Raiswell et 
al., 1988, cited in Tyson, p.63). Pyrite formation is uncommon in starved shelf 
sediments, possibly because it is an aerobic setting where slowly deposited 
metabolizable organic matter is oxidized near the sediment-water interface, resulting in 
limited food resource to support bacterial sulfate reduction (Berner, 1983). 
Environments Displaying High Degrees of Pyritization
In coastal and subaquatic tidally-influenced deltaic sediments (fluvial 
distributary, tidal channel, subtidal platform), organic matter contaminated with pyrite 
crystals is generally abundant. In coastal marine terrigenous sediments, dissolved 
sulfate and iron minerals are unrestricted, and organic matter is the major control on 
pyrite formation (Berner, 1983). Thus, as organic matter supply is plentiful (reflected by 
TOC values, cf. Chapter 6) in tidally-influenced deltaic environments, optimal 
conditions for pyrite formation occur in the above environments.
Pyritization is especially intense in upper tidal channel sediments. Likewise, 
statistic tests have shown that these sediments have significantly higher TOC values 
than sediments from lower tidal channels, distributaries, and subtidal platform (cf. 
Chapter 6). This could be interpreted as an area of higher sedimentation rate of organic 
matter, less diluted by siliciclastics. Thus, rapid burial enables more organic matter to
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become available for bacterial sulfate reduction at depth; consequently, high levels of 
HoS exist and pyrite is thus abundant (Berner, 1983).
Environments Displaying Low Degrees of Pyritization
Pyritized organic matter is progressively less common in delta front and prodelta 
sediments, in parallel with decreasing TOC values and sedimentation rates (cf. Chapter
6). Accordingly in sediments less rich in organic matter, pyritization becomes limited 
by the restriction of metabolizable organic supply, thus the rate of sulfate reduction 
decreases. However, it has been reported that pyritization tends to increase with a 
slower rate of mud deposition in marine siliciclastic sediments (Tyson, 1995, and 
references therein p.78).
This contradiction could be explained by the metabolizability of the organic 
matter. Lallier-Verges et al. (1991) observed that in cores from the Celebes Basin, 
pyritization of terrestrial organic matter depends on whether the particles still contain 
reactive organic components at the time of deposition. In delta front and prodelta 
sediments, phytoclasts contribute to the bulk of available organic components for 
sulfate reduction. However, in contrast with more proximal facies, a major proportion of 
these phytoclasts are highly degraded (cf. Chapter 5). Thus, it is possible that the 
declining amount of pyrite is also related to the degradation of metabolizable 
components in terrestrial-derived kerogen.
Environments Displaying Variable Degrees of Pyritization
In lower delta plain sediments, the occurrence of organic matter contaminated by 
pyrite crystals varies from rare to common. Similarly, in mangrove swamps of the 
Florida Everglades, the amount of pyrite was reportedly extremely variable in all peat
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types (Cohen and Spackman, 1977). Two factors could explain this situation: swamp 
reducing conditions and organic matter metabolizability may be highly variable.
Baltzer (1982) demonstrated that reducing conditions in mangrove soils depends 
largely upon water table flow patterns, thereby controlling pyrite formation. In addition, 
the hydrological regime is also dependant on the swamp morphology, climate, etc. 
Although variable, organic matter pyritization is most commonly quite low. This could 
be related to the high levels of degraded phytoclast characteristic of lower delta plain 
sediments (cf. Chapter 5). Thus, it is possible that, as Lallier-Verges et al. (1991) 
observed, degraded organic matter lacks metabolizable components required for sulfate- 
reducing bacteria.
CONCLUSIONS
1) Terrestrially-derived kerogen comprises 80-100% of the sedimentary organic 
matter, from the Mahakam River to the middle-to-distal prodelta sediments.
2) Phytoclasts are the most abundant organic matter, representing about 60-80% of the 
total kerogen assemblages in deltaic and prodeltaic sediments. These phytoclasts are 
essentially fragments of leaves, petioles, stalks, and other “soft plant parts”, whose 
chemical cell wall composition is mainly cellulose and hemicellulose.
3) Wood particles are proportionally minor components of sedimentary organic matter. 
However, because wood is more resistant than soft-tissues to mechanical 
breakdown, wood debris are apparently more frequently encountered in the coarse 
litter fractions of deposits.
4) Sedimentary processes characteristic of a tidally-influenced delta are reflected in the 
distribution of organic matter in delta channels, delta plain, subtidal platform, and
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delta front sediments. This is most clearly shown by the overall similarity of organic 
matter assemblages and the omnipresence of Nypa rootlets in these deposits. 
Reduced tidal currents near the delta front and proximal prodelta areas results in an 
increase in the proportions of marine-derived kerogen in prodelta palynofacies.
5) Twelve types of particulate organic remains are identified in deltaic and shelf 
sediments: phytoclast, cell gel, resin, cuticle, Nypa rootlet, pollen/spore, charcoal, 
fungal remain, arthropod remain, thin sheet, marine palynomorph, and zooclast.
6) Six primary palynofacies (lowland rain forest, tidal delta plain, deltaic, prodelta, 
starved shelf, and carbonate Halimeda shelf) characterize sediments from 13 deltaic 
and shelf sub-environments of deposition. These palynofacies are not directly 
affected by variations in sediment lithologies.
7) These six palynofacies are essentially differentiated based on varying proportions of 
cuticles, pollen/spores, phytoclasts, cell gels, and marine-derived kerogen. The 
proportion of cell gel particles differ between delta plain environments (< 5%) from 
subaquatic deltaic environments (> 15%).
8) Palynofacies of the tidal delta plain soils are subdivided into two sub-palynofacies. 
The sub-palynofacies of mixed hardwood forest and Nypa swamp characteristically 
contain the highest percentages of Nypa rootlets, while the sub-palynofacies of 
mangrove swamp and detrital peat beach is mainly composed of phytoclasts (> 
90%).
9) The deltaic palynofacies is subdivided into four sub-palynofacies: 1) upper fluvial 
distributary (absence of Nypa rootlet remains), 2) upper tidal channel (highest 
abundance of pyritized phytoclasts), 3) lower fluvial distributary, lower tidal
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channel and subtidal platform (abundance of pyritized phytoclasts), and 4) coastal 
and delta front (lower percentages of cuticles and presence of marine-derived 
kerogen).
10) The degree of organic matter pyritization is highly variable and is dependant upon 
the different deltaic and shelf depositional environments. The proportion of pyrite 
contaminated phytoclasts versus non-pyrite contaminated phytoclasts is a useful and 
simple complementary tool in palynofacies identification.
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CHAPTER 5. DEGRADATION OF PHYTOCLASTS
INTRODUCTION
Phytoclasts are the major kerogen component of deltaic deposits (e.g., Lorente, 
1990; Gastaldo and Hue, 1992; Oboh, 1992; Hart, 1994; Gastaldo etal., 1996). In the 
Mahakam Delta, phytoclasts represent 60-80% of the total kerogen assemblage from 
fluvial channels to distal prodelta sediments, (cf. Chapter 4). Phytoclasts preservation 
varies from almost unaltered to heavily altered morphologies, depending upon 
depositional and post-depositional conditions. Detailed analysis of these plant remains 
permits speculation concerning processes affecting organic matter before, during, and 
after sedimentation.
Hart (1986) recognized different preservation states of phytoclasts using 
transmitted light microscopy. In the present study, Hart’s (1986) classification scheme is 
refined using morphological diagnostic criteria to describe four phytoclast degradation 
states. In addition, phytoclast fluorescence characteristics are incorporated in order to 
examine their degree of chemical alteration (Robert, 1988; Diessel, 1992). Phytoclast 
assemblages determine degradation facies amongst deltaic and shelf depositional 
environments. A degradation facies is a characteristic assemblage of phytoclasts of 
different degradation states.
Degradation facies analysis provides insight into the effects of depositional 
environments on the chemical modifications that plant remains undergo in early 
diagenesis. This is particularly important in the tropical Mahakam deltaic system, as it is 
a significant hydrocarbon province sourced primarily by coals and organic-rich shales
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(Oudin and Picard, 1982; Duval et al., 1992; Paterson etal., 1997). However, the 
understanding of botanical, depositional, and diagenetic controls which determine the 
formation of plant derived oil in many tropical Tertiary sasins remains poorly 
understood (Fleet and Scott, 1994; Todd et al., 1997). Therefore, phytoclast degradation 
analysis, allied with the geochemical characteristics of the sediments and overlying 
water, is used to identify degradation paths in various depositional environments, and to 
recognize processes that control organic matter preservation. As a consequence of 
degradation facies analysis results, the origins of terrestrial-derived organic matter that 
may lead to hydrocarbon source rocks are briefly considered (ongoing study). 
INTRODUCTION TO  LITTER DECOMPOSITION
Terrestrially-derived organic matter recovered from fossil sediments consists of 
fragments from land plants (trees, shrubs, etc.). On the death of plants or plant organs, 
they fall on the ground surface to become part of the soil litter. Litter has the potential of 
being transported by water into a basin of deposition and to become incorporated into 
the sedimentary layers. The principal mechanisms responsible for reducing tree trunk 
sized organic matter to 10-200 pm sized fragments include physical action by 
invertebrate fauna and chemical enzymatic alteration by microorganisms. These are 
described below.
Litter Chemical Composition
Flowering plants (e.g., angiosperms, gymnosperms) make up the bulk of organic 
matter in terrestrial environments (Crawford, 1981). Phytoclasts are fragments of land- 
plants, derived essentially from the breakdown of leaves, roots, and stems. These plant 
organs consist essentially of parenchyma, wood, and bark tissues (Babel, 1985). All
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plant tissues are made of cells bordered by a cell wall. The cell wall is composed of 
microscopic threads of cellulose fibrils with the interspaces filled with hemicellulose 
and pectic substances. When a secondary cell wall develops, for instance in wood cells, 
deposits of lignin spread throughout the cell wall (Fahn, 1987).
The major components of terrestrial organic matter are cellulose, hemicellulose, 
and lignin. Cellulose and hemicellulose are polysaccharides (carbohydrates) of high 
molecular weight. A series of less abundant and less complex polysaccharides (e.g., 
pectin, methylated sugars) also contribute to the composition of plant cells (Tate, 1995). 
Lignin is a complex, aromatic plant polymer, and the most resistant constituent of plant 
cell walls (Stout et al., 1981). Particularly in tropical forests, plants produce of a wide 
range of secondary metabolites, such as tannins, resins, etc. (Golley, 1983b). Tannins 
are a variety of highly stable aromatic compounds that impregnate cell walls 
(Teichmuller, 1982).
Relation Between Decomposition Rate and Complexity of Organic Molecules
The more complex the organic molecules, the more complex the enzymatic 
systems required to break the chemical bonds, and therefore the slower the rate of 
microbial decomposition (Tate, 1995). Accordingly, Tate (1995) classifies dead plant 
parts entering sediments into two types of organic matter: the labile fraction (e.g., 
simple polysaccharides, proteins) and the resistant fraction (e.g., complex 
polysaccharides, lignin, humic acids). Simple molecules have a half-life of months, 
while cellulose, hemicellulose, and lignin have a half-life of years in terms of in­
sediment residence time (Stevenson, 1994). Nonetheless, lignin and tannin are
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biopolymers much more resistant to decay than cellulose and hemicellulose (Crawford, 
1981; Stevenson, 1994).
Physical Breakdown
Decomposition refers to the mechanical and chemical processes that reduce dead 
plant parts into their chemical constituents by faunal physical break down into smaller 
pieces, which are then chemically altered by the enzymatic activities of microorganisms 
(Golley, 1983).
At the forest floor, litter comminution is predominantly brought about by the 
feeding activities of invertebrate animals (Swift et al., 1979). Litter is broken down to 
particles of less than 200 pm with little chemical changes (Singh and Gupta, 1977; 
Ananthakrishnan, 1996). In moist rain forest, termites, col lem bo Ians and mites are the 
dominant insect groups in the litter (Ananthakrishnan, 1996). The type of faunal 
population seems to be insignificant in determining the overall rate of decomposition; 
thus, terrestrial crabs fulfill the same role in mangrove swamps as other arthropods in 
rain forests (Swift and Anderson, 1989).
Chemical Breakdown
Microorganisms metabolize most of the litter fall (80%). The soil fauna 
contributes to the mechanical breakdown of plant materials, which consequently 
stimulates microbial colonization (Singh and Gupta, 1977; Crawford, 1981). 
Microorganisms release extracellular enzymes into the environment mediating the 
chemical decay of tissues (Singh and Gupta, 1977).
A vast array of microorganisms live in soils and sediments, including fungi, 
bacteria, Actinomycetes (higher bacteria), and yeast (Singh and Gupta, 1977; Stevenson,
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1994). The active microbial population differs in aerobic or anaerobic conditions 
(Sikora and Keeney, 1983).
Oxygenated Sediments
The highest levels of decomposer activity are found in aerobic environments. 
Fungi and most soil fauna are strictly aerobic organisms (Swift et al., 1979). Fungi are 
considered the major agents of litter decomposition, and are largely responsible for the 
decay of polysaccharides and lignin (Swift and Anderson, 1989; Ananthakrishnan,
1996).
During the chemical transformations of plant remains, carbon is recirculated into 
the atmosphere as CO2, but part of it is converted into newly synthesized, stable 
substances, namely the humic substances. The processes of formation of stabilized 
organic substances is called humification (Swift and Anderson, 1989; Stevenson, 1994). 
This will be discussed in detail below.
Oxygen Depleted Sediments
Flooded or constantly waterlogged conditions result in limited oxygen supply. 
Upon oxygen depletion, fungi are inactivated, and anaerobic and facultative anaerobic 
bacteria are stimulated to continue the processes of organic matter decay (Tate, 1995). 
However, the degradation rate is slow (Stevenson, 1994), 100 to 1000 times slower than 
that of aerobic decomposition (Hamalainen, 1991)
Under anaerobiosis, degradation of organic matter is incomplete and generates 
an array of end-products (Sikora and Keeney, 1983; Stevenson, 1994). The most 
dramatic effect is the accumulation of end-products, such as organic acids and aromatic 
compounds, which in high concentrations are inhibitors to soil microbes (Tate, 1995).
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Anaerobic and facultative anaerobic bacteria are able to breakdown cellulose, protein, 
waxes, etc. (Sikora and Keeney, 1983), but apparently not lignin (Kirk and Farrell,
1987).
Humification and Gelification Processes
Humification
The chemical transformations of soil organic matter by microbes are collectively 
known as humification processes, and take place mainly under aerobic conditions (Flaig 
et al., 1975; Kumada, 1987). A series of new compounds are produced, the humic 
substances, which include humic acids, fulvic acids, and humins. These represent a 
variety of complex molecules, highly resistant to decay (Stevenson, 1994; Tate, 1995). 
Humic substances are synthesized primarily from the oxidation products of lignin and 
cellulose, through the mediation of microbial enzymes (Stevenson, 1994). These 
molecules are part of the solution phase, and occur as dissolved organic matter in soil, 
sediment, and aquatic systems (Chrost, 1990; Spitzy and Ittekkot, 1991).
Humification is particularly severe under aerobic conditions, affecting both 
cellulose and lignin. This oxidation process of plant cell walls produces humic 
substances as a result of the action of fungi and bacteria (Teichmuller, 1982). Cell walls 
are chemically altered by removal of hemicellulose, depolymerisation of cellulose, and 
transformation of lignin molecules (Stout et al., 1988; Stout and Spackman, 1989). If 
oxygen is necessary to convert lignin to humic acids, it does not seem to be so for 
cellulose. Apparently, humification of cellulose continues under anaerobic conditions, 
with formation of fatty acids either the by-products of cellulose anaerobic decay or 
remains of bacteria bodies (Teichmuller, 1982).
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Gelification
In coal petrology, the breakdown of plant debris is usually described as the result 
of two overlapping phases, humification and gelification (Starch etal., 1982: 
Teichmuller, 1982). Gelification refers to oxidative modification of plant tissues 
resulting either in the preservation or in the homogenization of cell wall structures 
(Tyson, 1995). Gelification results in the formation of gel-like materials by precipitation 
of humic substances (Diessel, 1992).
Gelification processes may occur during the early stages of peatification (Stout 
and Spackman, 1989), in the form of gel precipitates filling the interstices between 
and/or within plant debris (Teichmuller, 1982; Styan and Bustin, 1983). Gelification is 
accompanied by darkening of cell walls from colorless to yellow-orange either due to 
impregnation by humic substances (Teichmuller, 1982) or to depolymerization of 
cellulose (Stout and Spackman, 1989). Completely gelified cell walls are free of 
cellulose and may be impregnated by cellulose degradation products, tannins, waxes, 
etc. (Teichmuller, 1982).
The Influence of Tropical Climate on Decomposition Rate
Three important parameters distinguish tropical from temperate forests: the 
temperature and moisture conditions, the role of fungi as decomposers, and the chemical 
composition of organic matter. Firstly, high moisture and temperature conditions that 
exist all year round in the tropics are ideal for growth of microorganisms, particularly of 
fungi (Goiley, 1983; Jordan, 1993). Thus, as microbial activity is high in the humid 
tropics, it favorably affects the rate of decomposition (Swift et al., 1979). Secondly, 
unlike in temperate forests where decomposition is brought about by the soil fauna,
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decomposition processes in tropical forests are largely mediated by fungi and bacteria, 
fungi being especially important (Golley, 1983). It should be noted, however, that 
aromatic compounds have very slow decay rates, and their accumulation in leaf litter 
may be inhibitory to a range of fungi and bacteria (Singh and Gupta, 1977; Waterman 
and McKey, 1989). Thirdly, coriaceous leaves of tropical evergreen forests generally 
contain higher lignin and/or tannin concentrations than those of temperate forests, 
however, variability exists amongst plant species (Swift et al., 1979; Anderson et al., 
1983).
In tropical forests, decay processes are controlled by highly interactive regulating 
factors. Swift and Anderson (1989)’s model suggests that the interaction between the 
physicochemical environment, the organic matter characteristics, and the decomposer 
community governs the rate of decomposition. Therefore, characteristics vary widely 
from site to site, and decay rates may or may not be higher in tropical than in temperate 
forests.
METHODOLOGY
Sample Collection and Location
Two hundred (200) samples were studied, originating from deltaic and shelf 
depositional environments. Sample locations are indicated in Figure 5.1.
Sixty-five (65) delta front, prodelta, and continental shelf samples were collected 
in 1993 by H. Roberts and J. Sydow (Coastal Studies Institutes, Louisiana State 
University). Eighty-two (84) distributary, tidal channel, subtidal platform, and coastal 
samples were collected during a 1994 field season by J. Wrenn, L. Satchell, and M. 
Hardy (Cenex, Louisiana State University). These bottom surface sediments (top 20-
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30 cm) were taken using a box-core sampler, treated with ethanol-Rose Bengal solution 
(marine samples) or Zaphirine chloride (deltaic samples) and stored in plastic jars. In 
1994, H. Roberts acquired 53 vibrocores from the Mahakam delta plain from VICO 
Indonesia. Fifty-one (51) samples were selected from 36 cores, at depth between 0 to 50 
cm.
Chemical Processing of Samples
Sediments are dried, and a specific dry weight is taken for each sample. 
Calcareous samples are firstly treated with 10% cold HC1 overnight, then rinsed to 
neutrality. Silicates are dissolved using 48% cold HF overnight followed by rinsing to 
neutrality. The organic residue is put through a 180 pm metal sieve to remove the coarse 
debris too thick to be mounted on slides, and the smaller organic fraction (< 180 pm) is 
filtrated over a 10 pm metal sieve using an ultrasonic probe. Four slides are prepared 
using poly-vinyl alcohol (PVA) as a dispersing agent and Cover-bond or Elvacite as a 
mounting medium.
Microscopy
Organic material is identified and counted under transmitted light microscope 
(10x oculars and 40jc objective). Particle fluorescence properties are studied using 
incident blue light illumination (filter set incorporates an exciter filter with a bandpass 
of 450-490 nm, a dichroic mirror, and a barrier filter with a longpass of 520 nm). As 
fluorescence intensity increases with the power of the objective (Tyson, 1995), 
observations are made under standard magnification (lOx oculars and 25x objective) for 
comparative qualitative work. Fluorescence color of phytoclasts is determined with the 
fluorescence color scale proposed by Van Gijzel (1979).
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Counting Technique and Data Base
Scanning four slides per sample, about 500 organic particles per sample are 
identified and point counted using the kerogen classification scheme, detailed in 
Chapter 4. During point counting, four categories of phytoclasts are differentiated based 
on the degree of degradation, and each category is further subdivided depending upon 
the presence/absence of fungal hyphae and of pyrite crystals. One data subset includes 
the four phytoclast categories (preserved, infested, degraded, destroyed) plus the cell gel 
kerogen type. Relative percentages of these five categories are calculated based on the 
sum of their point counts as a total for each sample. The total count of this data subset is 
statistically valid (442 ± 157). This data subset is called the percentages of the total 
phytoclast assemblages.
A second data subset is used to estimate the extent of organic matter infestation 
by fungi. The number of phytoclasts contaminated by hyphae are added to the number of 
hyphae remains to form a new kerogen component. This component is compared to the 
total number of non-contaminated phytoclasts, which constitutes the second component 
of this data subset. This data subset is thus composed of two variables, calculated as a 
relative percentage for each sample. For instance, a sample with a value of 50% 
indicates that 1 out of 2 phytoclast counted did contain fungal hyphae and/or was a 
fragment of hyphae. The total counts (210 ± 111) used to calculate percentages of the 
data subset is statistically acceptable.
Boxplots, histograms, and statistical analyses are produced using the software 
package Systat (version 5.2), and maps using the surface mapping software Surfer 
(version 6.04).
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Identification of Degradation Facies
Five kerogen variables (preserved, infested, degraded, and destroyed phytoclasts 
and. cell gel) are used to examine the degree of phytoclast degradation throughout 
deltaic and shelf environments in order to identify degradation facies. Similar samples 
are grouped based on their assemblages of phytociast degradation state by means of 
clustering techniques. Identification and interpretation of a series of degradation facies 
is then inferred. Three steps of data analysis are integrated in the determination of 
degradation facies: cluster analysis, k-means cluster analysis, and statistical tests.
Firstly, a cluster analysis is performed on all 200 samples using normalized 
Euclidean distance coefficient and average linkage technique. Percentage data are not 
transformed because their distribution are nearly normal (Romesburg, 1984). Four 
classes of samples are revealed from a dendrogram, corresponding to terrestrial delta 
plain, tidal delta plain, deltaic, and offshore samples.
Secondly, k-means cluster analyses are applied separately on each of the four 
classes of samples in order to identify their different degradation facies, k-means is a 
non-hierarchical clustering technique, involving human consideration. The number of 
clusters, corresponding in this case to degradation facies, is chosen by the operator. 
Once the number of cluster is defined, the algorithm searches for the most extreme 
samples which represent the “nuclei” for building clusters with the minimum of 
variance between the groups (Romesburg, 1984; Wilkinson eta l., 1992).
Thirdly, statistical tests are applied to assure that the proportions of kerogen 
types statistically differ when degradation facies are tested against each other. The 
Mann-Whitney test is chosen because it is a non-parametric test that requires no
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assumptions about the form of the population distribution, and is especially useful when 
performed on small sample sizes, such as less than 30 samples (Davis, 1986: Chase and 
Bown, 1992). The critical region is calculated in term of probability P values, at a level 
of significance a  = 0.05 (if P < 0.05, thus H0 is rejected with a 5% or less chance of 
being wrong, and the two populations tested are significantly different).
Determination of Ratios
Four ratios are calculated to compare relative variations in kerogen types 
between the degradation facies. This information is included in the description of 
degradation facies because ratios more effectively illustrate trends than crude percentage 
data, and are unaffected by data closure effects (Tyson, 1995). Ratio data are converted 
into logio values in order to obtain a linear scale from —1 to +1, where the value 0 
corresponds to the 1:1 proportion and the values -1 and +1 to the 1:10 and 10:1 
proportion, respectively.
Structured vs. Non-Structured Phvtoclasts (S/NS)
Preserved plus infested phytoclasts are combined to form the structured 
component, and degraded plus destroyed phytoclasts as the non-structured component. 
This ratio reveals the dominance of a particular phytoclast assemblage, either those 
possessing conserved cellular structures (S/NS > 0) or those having undergone such 
decay that they have lost their cellular structures (S/NS < 0).
Preserved vs. Infested Phvtoclasts (P/D
This ratio is significant only for the degradation facies with a ratio S/NS > 0, and 
indicates that the phytoclast assemblage is composed of a dominant (or equal) 
proportion of structured phytoclasts. It is calculated to examine the composition of the
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structured fraction, e.g., unchanged by chemical decay (P/1 > 0) or affected by 
gelification processes (P/I < 0).
Cell Gels vs. Infested Phvtoclasts (G/D and Cell Gels vs. Destroyed Phvtoclasts (G/D)
Because relatively high proportions of cell gels in sediments may be significant 
for a number of reasons, the two following ratios are calculated: cell gels versus infested 
and versus destroyed phytoclasts. However, their interpretations are only meaningful 
when compared with the S/NS and P/I ratios. When these ratios are considered together, 
they aid the understanding of the causes of cell gel presence in organic matter 
assemblages. High cell gel fraction may indicate, (a) intense gelification processes that 
are or have been affecting phytoclasts (cf. G/I ratio), and (b) selective preservation of 
chemically resistant cell gels after long transport and/or oxidation processes (cf. G/D 
ratio).
The Use of Boxplots in Classifying Fungi-Contaminated Kerogen Data
A boxplot is a graphical representation of data distribution. The horizontal line 
inside the box represents the median (P5 0), and the horizontal ends of the box denote the 
25th and 75th percentiles (P 25 and P75). The lowest data value and the highest data value 
delimit the vertical lines (whiskers) on each side of the box. Outliers are individually 
represented by an asterisk (Chase and Bown, 1992).
Percentage data of fungal hyphae contaminated versus non-contaminated 
phytoclasts are displayed in boxplots, in order to compare the degree of fungal 
infestation between degradation facies. Percentage values are ranged into classes to 
allow comparison (very low, low, average, high, very high). Therefore, the percentage 
distribution of all 200 samples is displayed in one boxplot. Since measures of position,
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such as percentiles, are used to describe the place occupied by a data value relative to 
the rest of the data (Chase and Bown, 1992, p. 91), the lower whisker is considered to 
represent samples with “low percentages” relatively to the other samples. Accordingly, 
the box represents samples with “average percentages”, the upper whisker samples with 
“high percentages”, and the outside values being classified as relatively “very high 
percentages”.
PHYTOCLAST DEGRADATION STATES: DESCRIPTION AND 
INTERPRETATION
Phytoclasts are herein defined as particles derived from multicellular tissue 
fragments of land plants, excluding dermal tissue (epidermis/cuticle). Phytoclasts vary 
in chemical composition, type of tissues, and degree of preservation. Four states of 
degradation are defined based on Hart’s (1986) phytoclast classification scheme. In the 
present study, Hart’s scheme is further refined in order to eliminate ambiguity. In 
addition, fluorescence characteristics and the type of phytoclast contamination are 
detailed.
Hart (1986) based his assessment of five degradation stages on the extent of 
fungal piercing, bacterial pitting, and preservation of biological framework and 
structures. However, as Tyson (1995) observed, the classification is difficult to apply 
consistently because no diagnostic criteria were given. In this study, four degradation 
states (preserved, infested, degraded, destroyed) are determined based on three 
morphological diagnostic criteria, which are applied systematically as a dichotomous 
key (Fig. 5.2). The three dichotomous characters are: presence/absence of transversal 
cell walls, of longitudinal cell walls, and of intracellular gels (G. Hart, pers. com.,
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PHYTOCLAST DEGRADATION STATES
Figure 5.2 Dichotomous key criteria used to determine phytoclast degradation states.
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1995). Hart’s (1986) “well preserved” and “poorly preserved” states are herein grouped 
into a single category, simply called “preserved” phytoclast. Furthermore, Hart (1986) 
used the terms “amorphous structured” and “amorphous non-structured” for the most 
poorly preserved particles. Tyson (1995) correctly argues that these terms are imprecise 
because they are inherently contradictory. Consequently, they have been changed to 
“degraded” and “destroyed” phytoclasts, respectively.
The classification scheme adapted for the present study has the following 
characteristics (Fig. 5.3). Based on the preservation of cellular structures and the 
presence of cell gels, phytoclasts are classified into four categories (preserved, infested, 
degraded, destroyed). Each degradation state is divided into three sub-categories 
depending upon the presence/absence of fungal hyphae and of pyrite crystals (e.g., 
preserved phytoclast no contamination, preserved with fungal contamination, and 
preserved with pyrite contamination). Note that fungal contamination cannot be 
recognized within destroyed phytoclast because, if present, hyphae filaments would be 
obscured at this degradation level. Because of the preservation of all cell walls, 
“preserved” and “infested” phytoclasts are collectively called “structured” (Fig. 5.4). In 
contrast, “degraded” and “destroyed” phytoclasts form the “non-structured” component 
because their cell walls have lost part or all of their structures (Fig. 5.5).
According to Hart (1986): “Fungal infestation gradually increases until the 
hyphae have completely ramified throughout the maceral.” This process is thought to be 
the main cause of phytoclast amorphization in modem subtropical, fluvio-deltaic setting 
(Mississippi River and Delta). However, prominent hyphae contamination is not
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Figure 5.3 Diagram illustrating the presence (+) and/or absence (-) of phytoclast 
morphological characteristics, which include three dichotomous criteria and two 
types of contamination.
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Figure 5.4 Structured phytoclasts, grouping the preserved and infested degradation 
states, illustrating the preservation of all cell walls (transversal and longitudinal). 
Photographs A and C taken in normal transmitted light.
A, B: Preserved phytoclast. Polyhedral cells displaying light yellow color under 
transmitted light (A), and bright yellow fluorescence under blue illumination (B). 
Sample CBTD-8/1, x 400 magnification (scale: 1 cm =  10 pm).
C, D: Infested phytoclast. Rectangular cells with colorless cell walls showing two cells 
completely filled with humic gels, casting the cell interiors. These gels generally present 
a “plum jelly” color (C). This is a typical example of an infested phytoclast type b). 
Under blue illumination, cell walls display yellow-gold fluorescence and cell gels dull 
brown fluorescence. Sample 121, x 250 magnification (scale: 1 cm = 15 pm).
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Figure 5.S Non-structured phytoclasts, grouping the degraded and destroyed degradation 
states, illustrating the lost of parts to all cell wall structures. Photographs A and C taken 
in normal transmitted light.
A, B: Degraded phytoclast. Colorless longitudinal cell walls and gelified substances 
deposited inside and outside cell lumens (A). Preservation of only the longitudinal walls 
(transversal walls have been degraded) is clearly revealed under blue illumination by 
showing a yellow-gold fluorescence, while the rest of the debris is none fluorescent (B). 
Sample 113, x 400 magnification (scale: 1 cm = 10 p.m).
C, D: Destroyed phytoclast. Only fragments of cell walls are discernible within a matrix 
of non-structured, gelified cellular wall remains (C). This is better revealed under blue 
illumination, where the few preserved wall fragments display an orange fluorescence 
within a non-fluorescent matrix (D). Sample D4-S2, x 400 magnification.
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obvious in Mahakam Delta materials, perhaps due to the tropical and/or hydrological 
nature of the Mahakam Delta.
Fluorescence properties of the four degradation states were qualified. The 
inherent fluorescence of many plant compounds when irradiated with UV or blue light 
is referred to as primary fluorescence by botanists (Goodwin, 1953). Most plant cell 
walls have a primary fluorescence (Babel, 1985), which is closely related to their 
chemical composition (Van Gijzel, 1975). It has long been known by soil scientists that 
primary fluorescence of plant material decreases through progressive decomposition, 
reflecting chemical modification (Babel, 1975, and references therein p. 400). In 
addition, coal petrologists consider the decline in primary fluorescence to reflect the 
degradation of biopolymers (lignin, cellulose, etc.). Using this property, it is possible to 
quantify the degree of humification: the higher the degree of humification, the more 
extensive the depolymerization, with a consequent disappearance of fluorescence 
(Teichmuller, 1982; Robert, 1988; Stout and Spackman, 1989; Diessel, 1992). In the 
Recent sediments of this study, phytoclast fluorescence changes with the level of 
degradation from bright yellow to non-fluorescent; these results are summarized in 
Figure 5.6. Consequently, fluorescence properties confirm that the criteria chosen to 
classify phytoclasts are related to chemical modification of cell walls.
Morphological characteristics of the four phytoclast degradation states are 
described below. Transmitted light observations (400* magnification) are integrated 
with phytoclast fluorescence properties in order to interpret the degree of chemical 
modification of cell walls.
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Figure S.6 Fluorescence properties o f the four phytoclast degradation states under blue illumination. Fluorescence color 
scale after Van Gijzel (1979).
Preserved Phvtoclasts
Preserved phytoclast morphology is angular in outline displaying a preserved 
structural framework. Transversal and longitudinal cell walls are completely to partially 
preserved. Cells are elongate with tapered ends, polyhedral, or rectangular. Cell wall 
surfaces are generally smooth, but may be pierced by fungal hyphae, and pyrite crystals 
may invade cell lumens. In-filling gels are absent, however, isolated gel droplets may be 
found. Preserved phytoclasts are generally yellow in color, but range from colorless to 
brownish yellow. Under blue illumination, they display bright yellow to yellow-gold 
fluorescence (cf. Fig. 5.4 A-B). Fluorescence properties do not appear to be affected by 
fungi (Fig. 5.7 A-B) and pyrite infestation (Fig. 5.7 C-D).
Interpretation —  Phytoclast materials from the Mahakam Delta consist 
essentially of fragments of “soft plant parts” (e.g., leaves, petioles), whose cell walls are 
composed mainly of cellulose and hemicellulose (cf. Chapter 4). However, tropical 
leaves generally have high lignin content (Anderson et al., 1983; Gong and Ong, 1983). 
Fluorescence analysis of fresh wood and leaves indicated that lignin and cellulose show 
primary fluorescence under UV illumination of greenish-yellow and yellowish-gold, 
respectively (Van Gijzel, 1975). Fluorescence characteristics indicate therefore that the 
cell wall chemical composition of preserved phytoclasts is relatively unchanged from 
their original composition.
Infested Phytoclasts
Infested phytoclast morphology is angular in outline displaying a preserved 
structural framework. Transversal and longitudinal cell walls are completely to partially
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Figure 5.7 Illustrations of preserved phytoclasts. Photographs A and C taken in normal 
transmitted light at x 400 magnification (scale: 1 cm = 10 nm), and B and D under blue 
illumination at x 200 magnification (scale: 1 cm = 20 pm).
A, B: 3 D mass of rectangular cells contaminated by fungal hyphae (A). Fungal 
infestation does not affect the fluorescence properties of the cell walls, which display a 
bright yellow fluorescence (B). Fungal hyphae appear as brown filaments under 
transmitted light (A) and are non-fluorescent under blue illumination (B). Sample 112. 
C, D: Rectangular cells containing pyrite crystals in the cell lumens (C). Pyrite 
contamination does not affect the phytoclast fluorescence properties (D). Sample 27.
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preserved. Cell walls may be disrupted by fungal hyphae (Fig. 5.8 E) and cell lumens 
may be invaded by pyrite crystals. Cell gelification is manifest in three different 
configurations; however, cell gel substances always appear amorphous, homogenous, 
and brownish-orange (“plum-jelly”) in color.
a) Gel droplets may occur within cell lumens. These can appear as small, dispersed 
spheres/hemispheres resting on the cell walls, or as increasingly larger globular 
bodies that coalesce and in-fill the cell lumens. Cell wall color remains colorless to 
brownish-yellow (Fig. 5.8 C-D).
b) Gel may develop progressively throughout the entire cell lumen, without forming 
droplets or globules. This usually results in cell gel casts of the cell interior shape. 
Cell wall color remains colorless to brownish-yellow (cf. Fig. 5.4 C-D).
c) Gelification may modify the cell wall color, which appears brownish-yellow to 
brownish-orange (rusty color). Under transmitted light, this is seen as a darkening of 
cell walls. However, blue illumination reveals more complexity. Unaltered, brightly 
fluorescent cell walls are lined by a layer of dull brown to non-fluorescent material 
(Fig. 5.8 A-B). This is most commonly observed in 3D masses of large rounded to 
rectangular cells. Differentiating between “infested” and “preserved” phytoclasts 
may be difficult in this case because gelification affects the cell walls, rather than 
invading cell lumens.
Under blue illumination, cell walls display bright to moderate yellow-gold to yellow- 
orange fluorescence. Cell gels (droplets, globules, casts, lining) show dull, light brown 
to no fluorescence (cf. Fig. 5.4 D and Fig. 5.8 B, D). Cell gels are considered individual 
particles when liberated from the infested phytoclasts in the sediments (cf. Chapter 4).
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Figure 5.8 Illustrations of infested phytoclasts. Photographs A, C and E taken in normal 
transmitted light at x 400 magnification (scale: 1 cm = 10 pm), and B and D in blue 
incident light at x 200 magnification (scale: 1 cm = 20 pm).
A, B: Infested phytoclast type c). 3D mass of large polyhedral cells, which appear rusty 
in color under transmitted light (A). Under blue illumination, yellow fluorescent cell 
walls are lined by a layer of dull brown fluorescent humic material (B). Sample 119.
C, D: Infested phytoclast type b). Rectangular cells containing globules of humic gels in 
the cell lumens (low er right cells). These globules coalesce and in-fill cell lumens 
(middle cell). Under blue illumination (D), cell walls display bright yellow-gold 
fluorescence, while humic gel globules show no fluorescence. Sample 97.
E: Infested phytoclast (type c) contaminated by fungal hyphae. Sample 47.
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Interpretation —  Conservation of cell wall structure and fluorescence properties 
suggest that celluiosic and/or ligno-cellulosic compounds are preserved in sediments. 
Geochemical analysis showed evidence that cellulose can survive in some peat of the 
Florida Everglades and Okefenokee Swamp, without destruction of cellular structures, 
but with chemical alteration of the molecules (Given et al.. 1984). However, the 
observed gentle shift of cell wall fluorescence toward the red wavelengths indicates 
mild alteration of the wall polymer chemistry (Stout and Bensley, 1987; Robert, 1988; 
Stout and Spackman, 1989), and thus only a limited loss of cellulose.
The lack of fluorescence of gelified materials indicates that their chemical 
composition differs from that of cell walls. Gel amorphous and homogenous 
characteristics evoke pure formation from a fluid phase (Babel, 1975), which occurs by 
precipitation of humic colloids (Diessel, 1992). However, whether these gels form (1) 
from decomposition products of cell wall polymers (Robert, 1988; Diessel, 1992), (2) 
from autolytic postmortem process such as the oxidation of cytoplasm tannins (Babel, 
1975; Stout and Bensley, 1987), or (3) from precipitation of humic substances that 
migrated from the outside solution phase (Teichmuller, 1982; Van der Heijden et al., 
1994) is unclear.
Nonetheless, coal petroiogists observe that where aerobic condition prevailed 
(e.g., surface peat layer), gelification occurs by deposition of spherical colloidal droplets 
in the cell lumens (Diessel, 1992). According to an electron microscope study (Liu et 
al.. 1982, cited in Diessel, 1992, p. 94), these droplets appear to be the result of 
progressive cell wall “dissolution” because cell walls become thinner as droplets fill cell
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lumens. However. Van der Heijden et al. (1994) believe that different plant tissues 
respond differently to decay, probably owing to differences in cell wall chemistry. For 
instance, some authors have suggested that cell filling is especially related to oxidation 
of root and bark tissues in the presence of abundant water (Cohen and Spackman, 1980; 
Teichmuller, 1982; Robert, 1988), or of tissues rich in tannins (Cohen and Spackman, 
1977).
In summary, infested phytoclasts are comprised of cell wall material, chemically 
only slightly changed (cellulose, ligno-cellulose) from its original composition. 
Humification processes have led to precipitation of humic and/or tannin substances 
inside the cell lumen in the form of homogenous gels. The good cell wall preservation 
(cf. fluorescence properties) suggests that the aerobic conditions conducive to intense 
humification were limited in time. It is also possible that some humification under 
anaerobic conditions has occurred with the production of fatty acids.
Degraded Phytoclasts
Degraded phytoclast morphology is angular in outline displaying a generally 
“fibrous” structural framework. The fibrous aspect is due to the loss of most transverse 
cell walls with partial to complete preservation of longitudinal walls. Fragments of the 
latter may still be colorless or brownish-yellow. However, gelification that has spread 
outside cell lumens, consequently confers an overall brownish-yellow to brownish- 
orange aspect to the clast and darkens the cell walls. Pyrite (Fig. 5.9 A) and fungal 
contamination may be distinguished, but fungal hyphae may be obscured by the 
advanced level of degradation (Fig. 5.9 C). Longitudinal walls display moderate yellow-
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Figure 5.9 Illustrations of degraded phytoclasts. Photographs A, B, and C taken in 
normal transmitted light at x 400 magnification (scale: 1 cm = 10 pm), and D in incident 
blue light at x 200 magnification (scale: 1 cm = 20 pm).
A: Partially preserved, yellow in color, longitudinal cell walls within a gelified, 
brownish-orange mass. Phytoclast contaminated by pyrite crystals. Sample 104.
B: Humic gel casts (dark brown) in-filling cell lumens with destruction of transversal 
cell walls. Longitudinal walls are partially preserved, light brown in color. Sample 
DTC-6.
C, D: Phytoclast contaminated by fungal hyphae, which are largely obscured by the 
advanced degree of degradation and gelification (C). Under blue illumination, hyphae 
and humified material display no fluorescence, while the preserved longitudinal cell 
walls show a yellow fluorescence (D). Sample DTC-6.
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gold to light brown fluorescence. Gelified substances deposited inside and outside cell 
lumens display dull light brown to no fluorescence (cf. Fig. 5.5 A-B and Fig. 5.9 C-D).
Interpretation —  Darkening of longitudinal cell walls results either from their 
impregnation by humic substances (Teichmuller, 1982), or from their transformation 
into gelified material (Van der Heijden et a i, 1994). This is supported by an increased 
shift of fluorescence color from yellow towards reds, suggesting moderate to marked 
chemical transformation of the wall polymers (Robert, 1988). Stout and Spackman 
(1989) have shown that the loss of cellulose is accompanied by a loss of yellow 
fluorescence.
Degraded phytoclasts generally represent a more advanced degradation level of 
infested phytoclast type (c), and appear unrelated to types (a) and (b). If types (a) and (b) 
were related to degraded phytoclasts, we might expect to see transformation of the cell 
walls surrounding preexisting solid casts and globules of humic gels. This relationship 
between transformed cell walls and gel casts is seen only rarely (cf. Fig. 5.9 B).
Consequently, the overwhelming majority of degraded phytoclasts are thought to 
be the result of continued type (c) gelification leading to replacement of original cell 
wall polymers (cf. infested type c). Gelification by impregnation of plant tissues occurs 
in deep peat layers, where anaerobic conditions prevail. In these environments, humic 
substances fill cell lumens, replace the original cell wall polymers, and their 
fluorescence properties are gradually lost (Diessel, 1992). It is possible that degraded 
phytoclasts form by this process.
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Destroyed Phytoclasts
Destroyed phytociast morphology is angular to blocky in outline displaying no 
structural framework. Cellular degradation and gelification is severe, conferring an 
overall brownish-orange to brown color. Pyrite crystals may be distinguished (Fig. 5.10 
B), but fungal contamination is concealed by the intense level of gelification (Fig. 5.10 
C-D). Fragments of cell walls can remain discernible within some destroyed phytoclasts. 
These are more clearly revealed under blue light illumination, manifest as spots of 
moderate yellow-gold to yellow-orange fluorescent material within a dull brown to non- 
fluorescent matrix (Fig. 5.10 A-B, and cf. Fig. 5.5 C-D).
Interpretation —  Destroyed phytoclasts represent a more advanced degree of 
decay and gelification than that of degraded phytoclasts. This is supported by more 
intense gelification, and by the occurrence of cell wall fragments remaining fluorescent. 
Impregnation and precipitation of humic substances progressively leads to the 
homogenization of all cellular structures. This is reflected by an almost complete losts 
of fluorescence (Robert, 1988; Diessel, 1992), which indicates metamorphosis of 
cellular polymers into cellulose-free walls (Teichmuller, 1982).
DESCRIPTION OF DEGRADATION FACIES
Clustering techniques identified four general phytoclast assemblage classes, 
characterizing terrestrial delta plain, tidal delta plain, deltaic, and offshore sediment 
samples. In the four classes, a total of 12 degradation facies are defined: one terrestrial 
delta plain facies (T l), three tidal delta plain facies (DPI, DP2, DP3), four deltaic facies 
(D1, D2, D3, D4), and four offshore facies (Ol, 0 2 , 0 3 ,04 ).
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Figure 5.10 Illustrations of degraded phytoclasts. Photographs B, C, and D taken in 
normal transmitted light at x 400 magnification (scale: 1 cm = 10  pm), and A in incident 
blue light at x 200 magnification (scale: 1 cm = 20 pm).
A, B: Blocky, brownish-yellow phytoclast contaminated by pyrite crystals, and showing 
no cellular structure under transmitted light (B). Debris displays a dull brown 
fluorescence with remnants of cell walls revealed under blue illumination (A). Sample 
DTC-4.
C: Angular, dark brown, intensely gelified phytoclast. Sample JS-50.
D: Brownish-orange, gelified debris, possibly derived from palissadic parenchyma cells. 
Sample DD2/1.
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Degradation facies are illustrated by histograms, where bar height and error bar 
represent the mean and standard deviation (Fig. 5.11). Table 5.1 gives Mann-Whitney 
test results, performed only for relevant pairs of degradation facies on five kerogen types 
(preserved, infested, degraded, and destroyed phytociasts and cell gels). Ratio values 
(S/NS. P/I, G/I, and G/D) are averaged for each degradation facies: mean and standard 
deviation are plotted on four category diagrams (Fig. 5.12). Lastly, the distribution of 
percentages of fungi-contaminated phytociasts in degradation facies are displayed in 
boxplots (Fig. 5.13). In the following degradation facies description, reference should be 
made to Figures 5.11, 5.12, and 5.13, and to Table 5.1 listed above.
Terrestrial Delta Plain
Degradation facies T1 typifies tropical lowland rain forest soils, accumulated in 
the terrestrial part of the delta plain. Although only seven samples were collected from 
two cores (HWS-1 and HWS-2) taken within the rain forest, their degradation facies 
differ significantly from all others encountered in the Mahakam Delta area.
Palynofacies analysis (cf. Chapter 4) has shown that rain forest sediments were 
strikingly rich in cuticles, pollen/spores and resins, composing on average 58 ± 10% of 
the total SOM assemblage. Phytoclast comprised 37 ± 9% of the SOM, and thus 
represent only about a third of the total kerogen assemblage. The relative proportions of 
the four phytoclast degradation states are calculated within this fraction. Structured 
phytociasts are dominant (S/NS = +0.4), with about six times more preserved than 
infested phytociasts (P/I = +0.8). The degradation facies is therefore characterized by 
preserved phytociasts (59 ± 18%), with small proportions of infested phytociasts and
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DEGRADATION FACES
Figure 5.11 Variation o f phytoclast and cell gel percentages in the 
twelve degradation facies. Bar height represents the mean, and error 
bars the standard deviation. T = Terrestrial delta plain, DP = Tidal 
delta plain, D = Deltaic, O = Offshore.
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Table 5.1 Results o f Mann-Whitney tests (given in probability P values) comparing 
the proportions o f cell gel and phytoclast types for pairs of degradation facies. Bold 
type indicates statistically different values (P < 0.05, 95% confidence level). T = 
Terrestrial delta plain, DP = Tidal delta plain, D = Deltaic, O = Offshore.
DEGRADATION PHYTOCLAST TYPES
Cell gel
l-AClfcS
n
Preserved Infested Degraded Dcstroyed
TI - DPI 14 0.00 0.00 0.00 0.41 0.57
DPI -DP2 26 0.00 0.03 0.17 0.00 0.17
DP2 - DP3 38 0.00 0.00 0.00 0.00 0.20
DP3 -0 4 44 0.05 0.00 0.00 0.00 0.00
DPI - D1 17 0.01 0.01 0.00 0.00 0.00
D 1 -D 2 35 0.00 0.20 0.01 0 .7 7 0.03
D2 -D3 47 0.00 0.30 0.39 0.00 0.03
D3 -D 4 39 0.17 0.00 0.10 0.00 0.23
D4 -0 1 31 0.00 0.03 0.01 0.81 0.00
D4 - 0 2 34 0.00 0.05 0.08 0.00 0.00
D4 - 0 3 35 0.07 0.00 0.04 0.00 0.77
D4 - 0 4 42 0.00 0.00 0.01 0.00 0 9 1
D3 -0 1 36 0.00 0.02 0.31 0.00 0.00
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Figure S. 13 Boxplots displaying percentage distribution of fungi-contaminated 
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represents the distribution of the entire data (200 samples) and is used to 
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plain, DT = Tidal delta plain, D = Deltaic, O = Offshore.
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cell gels. The second most important population is the destroyed phytociasts (27 ±
18%).
Lowland rain forest soils have high percentages of fungal contaminated 
phytociasts (cf. Fig. 5.13). A Mann-Whitney test demonstrates that fungal infestation is 
significantly greater in terrestrial delta plain soils than in subaquatic deltaic facies (P = 
0.01, for n = 7 and 69 samples, respectively).
Samples characterized by this degradation facies are plotted on a delta plain map 
in Figure 5.14a.
Tidal Delta Plain
Three degradation facies of the tidal delta plain characterize sediments from the 
supratidal and intertidal delta plain, which includes transitional hardwood forest, Nypa 
swamp, mangrove swamp, and detrital peat beach. These three degradation facies are 
separately plotted on a distribution map in Figure 5 .14a.
In contrast with all subaquatic depositional environments, cell gel is a minor 
component (5 ± 3%) of delta plain degradation facies (cf. Fig. 5.11). In addition, 
degraded phytociasts are present in significantly higher proportions (16 ± 5%) than in 
subaquatic deltaic and offshore facies (8 ± 3%), as confirmed by a Mann-Whitney test 
(P = 0.00, n = 45 and 148 samples respectively).
Although infestation by fungi is variable in tidal delta plain soils, high to very 
high percentages of fungal hyphae contaminated phytociasts are typical (cf. Fig. 5.13).
In boxplots (cf. Fig. 5.13), detrital peat beach samples are responsible for the lower 
whiskers data (low percentages) of degradation facies DP2 and DP3. A Mann-Whitney
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test demonstrates that fungal infestation is significantly greater in tidal delta plain than 
in subaquatic deltaic facies (P = 0.00, for n = 45 and 69 samples respectively). 
Degradation Facies DPI
This facies has an equal fraction of structured versus non-structured phytociasts 
(S/NS = 0), with equivalent proportions of preserved and infested phytociasts (P/I * 0). 
However, destroyed phytociasts are the dominant type of kerogen (35 ± 5%).
Only seven samples are characterized by this degradation facies, five of them 
being located in the transitional hardwood forest. The sediments consist of muds and 
organic muds.
Degradation Facies DP2
Non-structured phytociasts dominate the assemblages, with more than twice the 
number of structured phytociasts (S/NS = -0.4); destroyed phytociasts represent 46 ± 
10% and degraded phytociasts 9 ± 5%.
Degradation Facies DP3
Destroyed phytociasts represent the principal kerogen type of this degradation 
facies, composing 50-80% of the phytoclast degradation states.
Both DP2 and DP3 degradation facies characterize soils of the supratidal to 
intertidal delta plain. However, sediment lithologies from DP2 facies comprise mud (11 
samples), organic mud (4 samples), and peaty mud (4 samples), while DP3 facies are 
composed of sediments generally richer in organic matter, including mud (6 samples), 
organic mud (8 samples), peaty mud (4 samples) and peat (1 sample).
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Deltaic
Four deltaic degradation facies characterize subaquatic deltaic depositional 
environments (distributary channel, tidal channel, and subtidal platform), with the 
exception of sand samples. Degradation facies D 1-D4 are plotted on a distribution map 
(cf. Fig. 5.14b).
Deltaic and offshore degradation facies share common characteristics. First, they 
are both dominated by cell gels, preserved and infested phytociasts, although in varying 
proportions, and second, both contain relatively constant percentages of degraded 
phytociasts (cf. Fig. 5.11). The two classes of degradation facies are distinguished based 
on the fact that the destroyed phytociasts fraction is generally greater in offshore than in 
deltaic samples (cf. Fig. 5.11). Moreover, it is the relative proportion between cell gels 
and destroyed phytociasts that differs significantly between the two classes: cell gel 
percentages are higher or equal to the destroyed phytoclast fraction in deltaic facies, 
while percentages of destroyed phytociasts are notably higher than the cell gel fraction 
in offshore facies (cf. G/D ratio)
Degradation Facies Dl
This degradation facies is characterized by its high degree of preservation. 
Structured phytociasts are strongly dominant (S/NS = +0.5), with equivalent proportion 
of preserved and infested phytociasts (P/I = 0). The cell gel fraction is smaller than that 
of infested phytociasts (G/I = -0.2), and greater than that of destroyed phytoclast (G/D = 
+0.15). Percentages of fungi contaminated phytociasts are average to high.
Ten samples are characterized by this degradation facies, eight of them being 
located in the upper parts of distributary channels.
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Degradation Facies D2
This degradation facies is comparable to D 1 because of its high degree of 
preservation, structured phytociasts are strongly dominant (S/NS = +0.4). The major 
differences are that (a) infested phytoclast proportions are almost twice that of preserved 
phytociasts (P/I = -0.25), and (b) cell gel is found in higher proportions (24 ± 5%). 
Percentages of destroyed phytociasts are similar in Dl and D2 (14 ±  3%). Thus, cell gel 
versus infested phytoclast ratio is negative (G/I = -0.2) and cell gel versus destroyed 
phytoclast ratio is positive (G/D = +0.2). Percentages of fungi contaminated phytociasts 
are average to high.
The vast majority of samples characterized by D2 are located in distributary 
channels and at the mouth of distributary channels.
Degradation Facies D3
This degradation facies is dominated by structured phytociasts (S/NS = +0.2), 
although to a lesser extent than Dl and D2. Degradation facies D3 significantly differs 
from D2 possessing higher percentages of cell gels and destroyed phytociasts, and a 
smaller proportion of preserved phytociasts. However, the percentages of infested 
phytociasts remains similar in D l, D2, and D3 (34 ± 5%). The P/I ratio is more negative 
than in D2 with 2.5 times more infested than preserved phytociasts. Percentages of fungi 
contaminated phytociasts are average.
Most samples are located in tidal channels and in the subtidal platform in front 
of tidal channel mouths.
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Degradation Facies D4
This facies has an equal proportion of structured versus non-structured 
phytociasts (S/NS = 0). with over twice as many infested than preserved phytociasts (P/I 
= -0.4). Cell gels, destroyed and infested phytociasts have similar proportions (26 ±
4%); consequently the ratios G/I and G/D = 0. The facies is characterized by average 
percentages of fungi contaminated phytociasts.
Samples characterized by the degradation facies D4 are typically located in tidal 
channels. However, two distributary channels sands (sample numbers 4 and 81) and four 
lower distributary and subtidal platform sandy sediments (sample numbers 102, 104,
105, and 107) are classified in this facies type.
Offshore
Four offshore degradation facies characterize the delta front, prodelta, and shelf 
depositional environments, including most channel sand samples. These are plotted on a 
distribution map (cf. Fig. 5.14c).
The principal peculiarity of offshore degradation facies is that percentages of 
destroyed phytociasts are notably higher than the cell gel fraction (G/D < 0). However, 
in contrast with delta plain facies, cell gels represent a significant fraction (21 ± 9%) of 
phytoclast assemblages (cf. Fig. 5.11). The degradation facies are characterized by 
average to low percentages of fungi contaminated phytociasts (cf. Fig. 5.13).
Degradation Facies Ol
This degradation facies is dominated by structured phytociasts (S/NS = +0.15), 
with only about 1.5 times more infested than preserved phytociasts (P/I = -0.2). Infested
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and destroyed phytociasts have similar proportions (29 ±3% ) and are the dominant 
kerogen types. This facies compares well with deltaic facies D2 by the similarity of two 
ratio values: P/I = -0.2 and G/I = -0.3. However, the principal difference between these 
two facies is the inverse proportions of cell gels vs. destroyed phytociasts (G/D < 0 in
01 and G/D >0 in D2).
Sediments characterized by this degradation facies are dispersed on the delta 
front and prodelta area, most typically in the northern and southern regions facing the 
active distributary systems.
Degradation Facies 0 2
This facies has an equal proportion of structured vs. non-structured phytociasts 
(S/NS = 0). As in degradation facies O l, (a) there is about 1.5 times more infested than 
preserved phytociasts (P/I = -0.2), and (b) cell gel percentages are similar (15 ± 2%). 
However, the proportion of destroyed phytociasts is conspicuously higher and 
dominates the phytoclast assemblage (37 ± 3%).
Degradation facies 0 2  characterizes sediments distributed over the delta front 
and prodelta area, however, most typically offshore from the interdistributary zone. 
Degradation Facies 0 3
Degradation facies 03  is dominated by destroyed phytociasts (37 ± 9%) and cell 
gels (26 ± 9%). Non-structured phytociasts are present in a greater proportion than 
structured phytociasts (S/NS = -0.2), with the preserved fraction being about half that of 
the infested phytociasts (P/I = -0.3). Another distinction between this facies and Ol and
02 is that cell gel percentages are higher than infested phytoclast percentages (G/I > 0).
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Degradation facies 03  characterizes mainly distal prodelta and starved shelf 
sediment, as well as a few coastal samples taken north of the delta.
Degradation Facies 0 4
This degradation facies is mainly composed of destroyed phytociasts (51 ± 9%) 
and cell gels (25 ± 9%). Infested phytociasts are present in small proportions (12 ± A%) 
and preserved phytociasts are a minor component of the phytoclast assemblage (< 8%).
Degradation facies 03  characterizes starved shelf and Halimeda bioherm 
sediments, as well as most channel sand samples.
DISCUSSION
The interrelationship between four ratios (S/NS, P/I, G/I, and G/D) has 
characterized 12 degradation facies, and are used to identify five degradation paths. A 
flow diagram summarizes these critical relationship (Fig. 5.15).
Fluorescence properties of organic particles are an indication of their 
hydrocarbon potential; strongly fluorescent kerogen are capable of generating oil and 
weakly to non-fluorescent kerogen of generating gas upon thermal maturation (Tyson, 
1995; Hunt, 1996). The kerogen studied here is immature. However, multidisciplinary 
studies of core materials from the Mahakam Delta showed no significant variations in 
the fluorescence properties of plant-derived kerogen during the last 20 million years 
(Bellet, 1987; Palacios, 1987). It is thus reasonable to assume that fluorescence 
properties of immature kerogen could reflect some characteristics of mature kerogen. 
Consequently, the hydrocarbon potential of phytoclast assemblages resulting from the 
five degradation paths may be speculated upon (ongoing study).
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Figure 5. 15 Flow diagram summarizing the ratio characteristics of the twelve degradation facies. The 
diagram highlights the similarities between facies and leads to the recognition o f five degradation paths. T he 
sign means ratio data irrelevant in the determination o f the degradation path. T = Terrestrial delta plain, 
DP = Tidal delta plain, D = Deltaic, O = Offshore.
Degradation Path I: Terrestrial Soil
Phvtoclast Characteristics
Two populations of phytociasts are found in association: preserved ungelified 
and highly degraded. The lack of both infested phytociasts and cell gels indicates that 
precipitation of humic substances (gelification) forming castings of cell lumens does not 
occur in situ. This may account for the fact that “individual” cell gels are recorded in 
organic-rich soils and peat, but rarely occur in mineral soils because dissolved humic 
substances are absorbed on clays or coat soil particles (Babel, 1975). This assumes that 
the lowland rain forest grows on “normal” soils.
About 70% of the total kerogen assemblage is composed of cuticles, resins, 
pollen/spores, and destroyed phytociasts (cf. Chapter 4). These organic particles are 
made of the most highly decay-resistant molecules, which are respectively cutin, 
complex hydrocarbon, sporopoilenin, and gelified humic substances (Combaz, 1980; 
Traverse, 1988; Langenheim, 1990; Stevenson, 1994). This suggests that intense 
degradation of organic matter has led to selective preservation of the most refractory 
molecules.
Process Interpretation
The lowland evergreen rain forest grows at the apex of the Mahakam Delta plain 
on well stabilized, elevated ground (Dutrieux et al., 1990). Therefore, flooding or 
waterlogged conditions are unlikely to occur and limit the oxygen supply, thereby 
impeding on the activity of the decomposer community (Swift and Anderson, 1989). 
Consequently, this environment supports optimal physicochemical conditions (aerobic 
with high temperature and moisture), promoting maximum activity of soil fauna, fungi,
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etc. (Golley. 1983; Jordan, 1993). This results in almost complete recycling of organic 
molecules, with the exception of the most resistant fraction. This is supported by the 
occurrence of high percentages of fungi contaminated phytociasts, although fungi 
hyphae percentages and fungal spore concentrations (cf. Chapter 2) are not particularly 
prominent. This may be due to the fact that the decay processes also affect fungal 
remains. The framework substance of fungi cell walls is chitin (Deacon, 1997), a 
molecule considered to have relatively low preservation potential (Tegelaar et al.,
1989).
Hypothetical Hydrocarbon Potential
This degradation path leads to the preferential preservation of H-rich kerogen 
(cuticles, resins, pollen/spores), well known to be oil-prone materials (Tyson, 1995; 
Hunt, 1996).
Degradation Path II: Delta Plain Swamp
Phytoclast Characteristics
Tidal delta plain sediments are characterized by rare cell gels and common 
degraded phytociasts. Structured phytociasts are often 3D masses of large, rounded to 
rectangular cells, in which gelification affects cell walls rather than the cell lumens (cf. 
infested phytoclast type c). This accounts for the fact that infested phytociasts in delta 
plain environments are not associated with high percentages of free cell gels as they are 
in all subaquatic sediments. This also suggests that fresh plant litter gradually decay 
from preserved to infested type (c), to degraded, and finally to destroyed. In addition, 
variations in the relative proportions of phytoclast degradation states may indicate an 
increasing degradation gradient between facies DPI, DP2, and DP3. Percentages of
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destroyed phytociasts increase as those of structured phytociasts decrease, while the 
fraction of degraded phytociasts remains comparable and the preserved vs. infested 
phytoclast ratio declines notably (cf. Fig. 5.11). These proportional characteristics also 
support the proposed decay pattern.
This decay pattern (preserved—> infested type (c)—» degraded—> destroyed) is 
accompanied by the progressive breakdown of plant tissues, through impregnation and 
precipitation of humic substances and the replacement of cell wall polymers, eventually 
leads to the complete disintegration and homogenization of cellular structures 
(Teichmuller, 1982; Robert, 1988). This may correspond to the gelification process 
described by Diessel (1992) and by Given (1988. p. 26) as: “ A series of processes that 
causes swelling, degradation, infilling of cell lumen, and eventual destruction of plant 
cellular structures”. According to Diessel (1992), gelification by impregnation o f plant 
tissues occurs in chiefly anaerobic peat layers, below the groundwater table. Although 
no autochtonous peat accumulates on the delta plain, peaty sediments are associated 
with highly gelified facies DP2 and DP3.
Process Interpretation
Soils exhibit a vertical sequence consisting of an upper aerobic, a transitional, 
and a lower anaerobic portion. In waterlogged organic soils, this anaerobic layer, in 
which reducing conditions prevailed, occurs below about 10 cm. Accordingly, the 
microorganisms change along the vertical profile from aerobic to anaerobic populations 
(Sikora and Keeney, 1983).
Within the surficial aerobic layer, the mangrove infaunal community is diverse 
and terrestrial crabs particularly abundant (Grindrod, 1988; Alongi and Sasekumar,
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1992), assuring litter comminution through their feeding activities (Swift and Anderson. 
1989). The resulting physical breakdown of plant debris promotes further microbial 
colonization (Tate, 1995). In oxygenated tropical soils, fungi are regarded as a major 
agent of litter decomposition (Jordan, 1993). Indeed, numerous fungi species are 
common colonizers of decaying Nypa fronds (Hyde, 1992, 1993) and mangrove litter 
(Kohlmeyer, 1984, 1986; Jones and Alias, 1997). The importance of fungal decay is 
reflected by a generally high degree of hyphae invasion of phytociasts. Therefore, 
organic matter undergoes intense humification processes, accompanied by the 
production of humic substances, at least partly released as dissolved organic matter of 
soils (Stevenson, 1994; Tate, 1995).
However, in contrast to rain forest soils, organic matter degradation in the delta 
plain swamp is impeded by periodical tidal flooding. Mangrove soils are waterlogged at 
high tide and generally remain saturated at low tide as a result of limited drainage 
(Blasco, 1991). Consequently, waterlogging develops anaerobic conditions, leading to 
the accumulation of organic matter by inhibiting the activity of soil organisms and thus 
decreasing the decomposition rate (Anderson etal., 1983; Dickinson, 1983). Therefore, 
it is postulated that, as organic matter is buried deeper, organic particles are macerating 
in a groundwater solution increasingly rich in humic substances and other degradation 
products that favor impregnation and gelification. This explains the observed phytoclast 
decay pattern of progressive impregnation, gelification, and loss of structure.
Due to spring-neap tidal cycles, mangrove swamps are inundated more 
frequently than are the Nypa swamps, and the transitional mixed forest is submerged 
only occasionally. Consequently, waterlogging, and the development of anaerobiosis,
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varies in severity depending upon the delta plain locality. The hydrological regime may 
determine 1) whether roots or leaves predominate the SOM in the depositional 
environment (cf. Chapter 6). and 2) the degradation facies (DPI—> DP2—» DP3). 
however, how this occurs is not yet understood.
Hypothetical Hydrocarbon Potential
Degradation path II leads to the accumulation of highly humified, non- 
fluorescent phytoclast assemblages, likely to generate gas upon catagenetic alteration 
(Tyson, 1995).
Degradation Path III: Subaquatic Non-Marine Deltaic
Phvtoclast Characteristics
The degradation path described below characterizes organic matter deposited in 
fluvial distributaries, tidal channels, and on the subtidal platform. The dominance of 
structured phytociasts indicates that the degradation facies encountered (D1-D4) can be 
characterized as “preservational” because phytoclast cell wall polymers are chemically 
unaltered. The importance of both infested phytociasts and cell gel particles is indicative 
of gelification by infilling of cell lumens (infested phytoclast types a and b).
Preserved and infested phytociasts, and cell gels are interpreted as belonging to a 
population, related by their origin, transport, and degradation processes. These are 
described in detailed below. Non-structured phytociasts form a second population, 
whose origin, transport, and decay history differs from the first population. This second 
population is thought to originate 1) from “old" particulate organic matter carried by the 
Mahakam River and, 2) from the erosion of channel banks. The relative importance of 
the two populations differentiate degradation facies D1-D2 to D3-D4. Facies D3-D4 are
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preferentially associated with tidal channels or deeper reaches of distributaries, and 
contain a greater proportion of destroyed phytociasts. Consequently, the additional input 
of destroyed phytociasts originates from the erosion of the delta plain by tidal channels 
(cf. discussion Chapter 6).
Process Interpretation
The series of processes described below seeks to explain a degradation path, 
which leads predominantly to chemical and structural preservation of cellulosic and 
ligno-cellulosic cell walls.
In subaquatic deltaic environments, organic matter input is mainly from swamp 
leaf litter washed into channels by tidal processes (cf. discussion Chapter 2 and 6). 
Because of the absence of alluvial levees (Allen et al., 1979), plant fragments are 
drained into lower fluvial distributaries and tidal channels, and then flushed onto the 
subtidal platform.
Once incorporated in the water column, dysoxic to oxic condition prevail (cf. 
Chapter 3). In oxic conditions, humification processes lead to precipitation of humic 
substances inside cell lumens (Diessel, 1992), commonly resulting in cell gel casting 
(cf. infested phytoclast types a and b). In addition, cell lumens can also be infilled by the 
oxidation products of tannins upon cell death (Babel, 197S); tannins are often produced 
by tropical evergreen tree species (Anderson et al., 1983). Precipitation is the result of 
peptidization, which is promoted by alkaline conditions in subaquatic peat facies, 
apparently due to the presence of specific ions such as Na+, Ca2+ (Teichmuller, 1982). 
This may account for the fact that cell gel panicles are found in abundance in deltaic 
subaquatic sediments. Therefore, it is suggested that gelification occuring in the water
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column transforms preserved phytoclasts into infested phytoclasts types (a) and (b). 
Mechanical fragmentation of phytoclasts (deposition-resuspention cycles) eventually 
liberates cell gels as sedimentary particles.
Preservation of cellulosic cell walls indicates restricted residence time of leaf 
litter within an oxic water column. According to Gastaldo (1992), flotation times may 
vary from hours to weeks. Once plant debris are waterlogged, they sink, and are 
deposited at the sediment-water interface. Although reentrainment occurs due to tidal 
hydrodynamics, such processes are believed to be relatively limited (cf. discussion 
Chapter 2). This is corroborated by palynologic studies which indicate that in tidal 
systems pollen taxa start to settle after short transport distances from the source 
(Caratini and Tissot, 1985; Brush and Brush, 1994). Therefore, this suggests that plant 
debris may enter the sedimentary environment within a matter of months. As a result, 
leaf tissues composed of hemicellulose, cellulose and ligno-cellulose are likely to be 
buried in less time than the half-life of these molecules (half-life of years in terms of in­
sediment residence time, Stevenson, 1994).
Once deposited below the sediment-water interface, organic matter ultimately 
undergoes chemical change, first within an upper aerobic layer, and later within a lower 
anaerobic layer where no free O2 is present. Geochemical data indicates that the upper 
aerobic layer is thin in fresh and brackish water geochemical facies (fluvial distributary, 
tidal channel, and part of the subtidal platform), and therefore predicts low residence 
times for organic matter in this layer (cf. Chapter 3). Relatively high siliciclastic and 
organic sedimentation rates due to tidal input are also conducive to rapid burial of
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phytoclasts. Consequently, organic debris is most likely buried within the anaerobic 
layer quite quickly.
It is speculated that once deposited, phytoclast degradation draws to a close. Three 
lines of evidence substantiate this assertion.
a) It is suspected that before organic debris (mainly leaves) is incorporated into the 
sediment, they have been fragmented by mechanical processes other than by the 
feeding activity of infauna. This is corroborated by Gastaldo’s (1994) studies of the 
Mobile-Tensaw Delta and of the Mahakam Delta. Sedimentary core description 
from Mahakam Delta (Gastaldo et al.. 1995) indicates a lack of bioturbation in 
channel bottom deposits. This corresponds to fresh or brackish water geochemical 
facies (cf. Chapter 3). According to Tate (1995), the indirect “chewing” activities of 
invertebrates in exposing organic matter to microorganisms has a significant effect 
on decomposition rates. It is likely that microbes exploit more readily available, 
labile molecules (e.g., simple sugars, proteins), than those of “unchewed” cellulosic 
and ligno-cellulosic remains. Therefore, “unchewed” organic remains are not as 
susceptible to microbial enzymatic attack once they are incorporated into the 
sediment.
b) Geochemical results showed that organic matter is present in excess concentration in 
relation to the oxidant concentrations utilized by anaerobic bacteria (Chapter 3). 
Therefore, anaerobic bacteria are likely to preferentially digest labile matter.
c) The most dramatic effect of anaerobic decay processes is the accumulation of end- 
products (aromatic compounds, organic acids, H2S, etc.), which when present in 
high concentrations are bacteria inhibitors (Stevenson, 1994; Tate, 1995).
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Hypothetical Hydrocarbon Potential
This degradation path leads predominantly to the chemical and structural 
preservation of cellulosic plant fragments and their fluorescence properties. Woody 
plant debris is believed to eventually become gas-prone materials, the non-woody 
fragment (cellulosic) being readily destroyed (Tyson, 1995; Hunt, 1996). It is generally 
recognized that polysaccharides (cellulose, hemicellulose) can be rapidly depolymerized 
and hydrolyzed through enzymatic processes (Stout et al„ 1988; Stout and Spackman. 
1989), and are thus considered to have low preservation potential (Tegelaar et al.,
1989). The present study indicates, however, that under the conditions described in this 
degradation path, the preservation potential of cellulosic debris in surficial sediments 
may become considerably enhanced. Consequently, it is believed that cellulosic debris 
may be a major contributor in deltaic oil-prone source rocks.
It is believed that cellulose and hemicellulose molecules may have the chemical 
potential to be converted to oil upon thermal maturation. Following geochemical 
analyses, fresh herbaceous organic matter has been classified as an oil-prone kerogen, 
and fresh wood as a gas-prone kerogen (Bailey, 1981). Nonetheless, the actual oil- 
producing polymers remain unidentified.
Degradation Path IV: Subaquatic Marine Deltaic 
Phvtoclast Characteristics
Simplistically, it is assumed that D1-D2 typically represent phytoclast 
assemblages flushed out fluvial distributaries, and D3-D4 out of tidal channels.
Seaward, degradation facies O l and 02  characterize delta front and prodelta sediments. 
Because facies Ol generally occurs off the distributary systems and facies 0 2  off the
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interdistributary zone, it is interpreted that modifications of degradation facies D1-D2 
led to facies Ol (D1-D2—» O l) and of degradation facies D3-D4 led to facies 0 2  (D3- 
D4—» 02).
The most important differences in phytoclast assemblages between degradation 
facies D1-D2—> Ol and D3-D4—> 0 2  are 1) decrease in the proportions of structured 
phytoclasts, 2) notable increase of destroyed phytoclast percentages, and 3) reverse 
relation of the G/D ratio (G/D > 0 in deltaic facies and G/D < 0 in offshore facies). 
Process Interpretation
The processes which describe the origin, transport, and gelification of plant 
remains in degradation path m  are generally applicable here until organic matter is 
incorporated below the sediment-water interface, within the aerobic layer. In contrast to 
fresh and brackish water facies, geochemical data indicate a much thicker aerobic layer 
in marine facies (cf. Chapter 3). Accordingly, marine sediments are commonly highly 
bioturbated (Gastaldo et al., 1995; Sydow, 1996). This is corroborated by rich and 
diversified benthic foraminifera and ostracod assemblages in the delta front and in 
particular the prodelta areas, where fully marine conditions are established (Carbone! 
and Moyes,1987; Sen Gupta and Maul, 1995).
Bioturbation results in the mixing of phytoclasts with sediment, exposing this 
biomass to microorganisms, and thereby stimulating microbial mediated decomposition 
(Tate, 1995; Tyson, 1995). Under aerobic conditions, humification is severe, and 
cellulose and ligno-cellulose are likely to be altered with the production of humic 
substances (Teichmuller, 1982). As a result, cellular gelification and homogenization 
(Diessel, 1992) transforms structured into destroyed phytoclasts. Because cell gels
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(casts) are often chemically more resistant due to the presence of tannins (Tyson, 1995), 
they may be preserved despite degradation of the surrounding cell walls (Cohen and 
Spackman, 1980). The gels subsequently are liberated into the sediment. Therefore, this 
mechanism could possibly explain the transformation of a portion of structured into 
destroyed phytoclasts, and the accompanying occurrence of cell gels.
Interpretation of geochemical data suggests that, once organic matter enters the 
anaerobic layer, the rate of degradation and the potential of preservation is the same 
regardless of the environment of deposition (cf. Chapter 3). This implies that the 
characteristics of phytoclast degradation facies are mainly determined before phytoclasts 
enter the anaerobic sediment layer. Therefore, differences in phytoclast degradation 
facies between depositional environments are more likely to depend upon length of 
transport and time of residence within the aerobic layer, rather than upon alteration 
within the sedimentary environment itself.
Hypothetical Hydrocarbon Potential
This degradation path leads to a mixture of heavily gelified and chemically 
preserved cellulosic plant fragments. Because of the higher proportion of humic 
materials, it is believed that cellulosic debris may be a major contributor in both oil- and 
gas-prone source rocks.
Degradation Path V: Marine Shelf 
Phvtoclast Characteristics
Starved shelf and carbonate bioherm sediments are characterized by degradation 
facies (03 and 04) overwhelmingly dominated by destroyed phytoclasts and cell gels. 
The distribution of these two facies over the shelf indicates that the further from the
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source (delta), the more degraded the facies. These kerogen particles are mainly 
comprised of precipitated humic substances (Teichmuller, 1982). highly resistant to 
decay (Tate, 1995).
Process Interpretation
The phytoclast assemblages display evidence of the preferential preservation of 
the most resistant terrestrially-derived material, reflecting a long transport path in 
oxygenated water (Ffield and Gordon, 1992) and deposition in bioturbated sediments 
(Sydow. 1996). In addition, a study of benthic foraminifera indicated extensive 
reworking by physical processes of shelf sediments (Sen Gupta and Maul, 1995).
Preferential preservation of completely gelified particles indicates that cellulosic 
remains are destroyed when subjected to prolonged oxidizing conditions. This, 
therefore, confirms that phytoclasts are mainly derived from “soft-plant” debris. If wood 
debris represented a more significant portion of the phytoclast assemblages, we would 
have expected preferential preservation of wood fragments, whose framework substance 
is lignin, a highly resistant polymer.
CONCLUSIONS
1) Four phytoclast degradation states (preserved, infested, degraded, destroyed) are 
recognized based on three morphological dichotomous criteria (presence/absence of 
transversal cell walls, of longitudinal cell walls, and of intracellular gels). 
Fluorescence properties change with the level of degradation (bright yellow to none) 
indicating that phytoclasts degradation states are related to chemical modification of 
cell walls and cell lumens.
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2) Variable proportions of five kerogen types (preserved, infested, degraded, and 
destroyed phytociasts, and cell gels) differentiate four general classes of phytoclast 
assemblages throughout deltaic and shelf sediments. Terrestrial delta plain samples 
are typified by their richness in cuticles, pollen/spores, and resins, resulting in 
relatively low proportion of phytociasts. Tidal delta plain samples are typified by the 
lack of cell gels, the dominance of non-structured phytociasts, and the high 
contamination of fungal hyphae. Deltaic and offshore samples are characterized by 
an abundance of cell gels; however, deltaic assemblages contain a higher proportion 
of cell gels than destroyed phytociasts and vice versa in offshore assemblages.
3) A total of 12 degradation facies, each characterized by their relative proportions of 
phytociasts and cell gels, are identified. The interrelations between four ratios 
(structured vs. non-structured phytoclast, preserved vs. infested phytoclast, gel vs. 
infested phytoclast, and gel vs. destroyed phytoclast), characterizing these 12 
degradation facies, permitted the identification of five degradation paths.
4) Terrestrial soil (lowland rain forest at the apex of the delta plain) is an oxygenated, 
moist, and warm environment that promotes maximum activity of decomposer 
community. This degradation path leads to recycling of plant debris, with 
preferential preservation of the most resistant fraction. This results in a kerogen 
assemblage dominated by H-rich kerogen (cuticles, resins, pollen/spores), well 
known to be oil-prone materials.
5) At the surface of delta plain swamps, infaunal feeding and fungal degradation 
activities promote intense humification of plant litter. However, periodical tidal 
flooding causes soil waterlogging, development of anaerobic conditions, and
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limitation of organic matter decay. Plant tissues are gradually transformed with 
depth, through impregnation and precipitation of humic substances, leading to 
complete replacement and homogenization of cell wall polymers. This degradation 
path leads to the accumulation of highly humified, non-fluorescing, potentially gas- 
prone kerogen.
6) In subaquatic deltaic sediments, the organic matter degradation path leads to the 
chemical preservation of cellulose, commonly considered to have low preservation 
potential. Depositional environments sustaining accumulation of cellulosic materials 
are characterized by a peculiar geochemical system (cf. Chapter 3), in which organic 
matter is in excess amounts compared to the oxidants that can be utilized by 
microorganisms. Because of the preservation of fluorescence properties, it is 
believed that these cellulosic debris may be a major contributor in deltaic oil-prone 
source rocks
7) In subaquatic, non-marine sediments, preserved and infested phytociasts are 
dominant. Swamp leaf litter washed into channels by tidal processes are 
incorporated into the water column. Precipitation of humic substances in-filling cell 
lumens results in the transformation of preserved to infested phytociasts with 
chemical preservation of cell walls. Plant debris are rapidly deposited and buried 
within the anaerobic sediment layer. Once there, phytoclast degradation is limited 
because 1) phytociasts have not been physically broken apart by benthic or soil 
fauna, rendering them less susceptible to microbial attacks, and 2) because of the 
abundance of more easily digestible organic molecules which anaerobic bacteria 
preferentially attack.
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8) Subaquatic, marine sediments are characterized by a thick, bioturbated, upper 
aerobic layer. Bioturbation stimulates the microbial activity, which in turn promotes 
humification processes. These humification processes lead to the transformation of a 
portion of structured plant fragments into homogenized, destroyed phytociasts.
9) Under aerobic conditions, gelification appears to differ depending upon whether 
fauna have previously broken up the phytociasts. Gelification seems to occur by 
precipitation within cell lumens of “unchewed” phytociasts, but by impregnation 
and transformation of cell wall polymers when the phytociasts have previously been 
broken apart by soil or benthic fauna.
10) Phytoclast degradation paths of marine shelf sediments simply reflect preferential 
preservation of the most resistant terrestrial-derived material (completely gelified 
panicles), after subjection to lengthy transport in oxygenated water and deposition in 
bioturbated sediments. Therefore, with increasing distance from the source, the 
proportions of destroyed phytoclast and of cell gel rise.
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CHAPTER 6. ORIGIN AND SOURCE OF KEROGEN
INTRODUCTION
This chapter discusses the origin and the source of terrestrially derived organic 
matter deposited in a tropical fluvio-tidally dominated delta. The term source refers to 
the type of plant part, and therefore to the original chemical composition of the 
sedimentary organic matter (SOM), while origin describes the locality of the sourcing 
vegetation.
Tropical vegetation are highly productive (Hue, 1980; Jordan, 1983). In the 
Mahakam Delta plain, four types of forests are encountered (Dutrieux etal., 1990), each 
may deliver SOM to fluvial distributaries and tidal channels (Gastaldo and Hue, 1992; 
Gastaldo et al., 1993). However, the importance of the role played by tidal processes in 
supplying and redistributing SOM has not been demonstrated in the Mahakam deltaic 
environments (delta plain, fluvial distributaries, tidal channels, subtidal platform, delta 
front, and prodelta). This is addressed by studying the distribution of TOC values and of 
macro plant debris abundances over the deltaic region. High TOC values may be 
indicative of environments that are privilege depocenters of SOM (Hue, 1980). The 
proximity of parent vegetation and the relative distance of transport can be assessed by 
measuring phytoclast sizes by computer image analysis (e.g., Lorente, 1990; Highton et 
al., 1991). This chapter assesses proximity to source by studying the distribution of the 
quantities of macro plant debris.
Palynofacies analysis (cf. Chapter 4) demonstrates that SOM of all deltaic 
environments are dominated by phytociasts of “soft plant tissues", which are for the
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most part originally composed o f cellulose and hemicellulose. Phytociasts are degraded 
to different degrees depending on their depositional environment (cf. Chapter S). On the 
whole, in channels and subtidal platform sediments, the original chemical phytoclast 
integrity is preserved. However, tidal channels typically contain a greater proportion o f 
destroyed phytociasts (highly chemically transformed plant fragment) than expected. 
Phytoclast degradation facies analysis suggests that the destroyed phytoclast population 
did not form in situ, but may have originated from the erosion and reworking o f the 
delta plain by tidal channels. This possibility is assessed by analyzing the absolute 
abundance distribution o f destroyed phytociasts, resins, Nypa rootlets, and charcoals. 
METHODOLOGY
A collection o f samples from the modem Mahakam Delta was assembled 
between 1993 and 1994. Bottom surface sediments (top 20-30 cm) were collected using 
a box-core sampler, then stored in plastic jars and treated with Zaphirine chloride or 
ethanol-Rose Bengal solution (antibiotic agent). Fluvial distributary, tidal channel, 
subtidal platform, and coastal sediments were collected in 1994 by J. Wrenn, L.
Satchell, and M. Hardy (Center For Excellence in Palynology, Louisiana State 
University). Delta front, prodelta, and continental shelf samples were collected in 1993 
by H. Roberts and J. Sydow (Coastal Studies Institutes, Louisiana State University). H. 
Roberts acquired vibrocores from the Mahakam delta plain in 1994 from VICO 
Indonesia. Soil samples from these vibrocores were taken at depth between 0 to SO cm 
for analysis. Sample locations are indicated in Figure 6.1.
Three types o f analyses were carried on these samples, resulting in three data 
independent sets.
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Total Organic Carbon Analysis (TOC)
Total organic carbon is a measure of sediment richness in organic matter; values 
are reported in weight percent carbon, for instance, a sediment with a TOC of 1 wt. 9c, 
means that there is 1 g of organic carbon per 100 g of sediment. (Jarvie, 1991). The 
distribution of TOC values amongst deltaic and shelf depositional environments is 
based on a total of 223 samples. UNOCAL provided TOC analyses for 117 samples: the 
study was conducted by S. Stout of UNOCAL, Brea, California (Wrenn et al., 1995).
An additional 106 samples were analyzed by MOBIL (Meptec, Dallas, Texas). Both 
UNOCAL and MOBIL labs used the Leco combustion method (see Jarvie, 1991, p.
114, for details on the analytical method).
Because TOC values of 10 sand samples (> 90% sand) were always very low 
(0.4 ± 0.3), these samples had a greater influence on Spearman correlation coefficients 
(r s) than other samples, and were consequently excluded from data analysis. 
Nonetheless, sand samples may contain some large plant remains (cm scale).
Macro Plant Debris Analysis
The weight distribution of macro plant debris within deltaic and shelf 
depositional environments is based on 146 samples. This organic fraction comprises 
plant fragments larger than about 200 pm. Their abundance is expressed as a weight in 
gram (per gram of sediment).
During palynological processing of sediments, CaCC>3 and silicates are digested 
by acid treatments (HC1, HF). The subsequent organic residue is sieved over a 180 pm 
metal sieve to separate the coarse (> 180 pm) from the fine (< 180 pm) organic 
fractions, the latter being used for palynological analysis. The coarse, or macro, organic
278
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
residue is dried and weighed on a lCT* gram scale. For each sample, the data value has 
been calibrated per unit weight gram of sediment.
Kerogen Absolute Abundance Analysis
Absolute abundance of kerogen types is a measurement of their quantities in 
weight per 100 g of sediment (wt. %). Four kerogen types are selected: resin, charcoal. 
Nypa rootlet, and destroyed phytoclast. The distribution of their absolute abundance 
values within deltaic and shelf sediments are based on a total of 200 samples.
Absolute abundances are calculated by integrating kerogen relative percentages 
with TOC values (e.g.. Hart, 1986) using the equation below. Percentage data are 
derived from palynofacies analysis (cf. Chapter 4).
yoc _ X xT O C  
100
X om = X ‘K x 2
X  = relative percentage of the individual kerogen type X in the total kerogen 
assemblage
7"OC = total organic carbon in weight percent (g of organic carbon/100 g of sediment) 
X°c = quantity of kerogen type X in weight percent of organic carbon (g of organic 
carbon contributed by kerogen type X/100 g of sediment)
X°m = quantity of kerogen type X in weight percent of organic matter (g of kerogen 
type X/100 g of sediment)
2 = ratio to convey the percentage of organic carbon to organic matter in tropical 
peat (Andriesse, 1988)
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Figure 6.2 illustrates the principle of the data transformation. The composition 
of a sediment yielding a TOC value of 10 wt. % is 10 g of organic carbon per 100 g of 
sediment. When the organic carbon to organic matter conversion ratio is used, this is 
equivalent to about 20 g of organic matter and 80 g of mineral particles in 100 g of 
sediment. If the SOM of this hypothetical sediment were composed of three types of 
kerogen (A, B. C), they would represent 50%, 20%, and 30% of that SOM respectively. 
These percentages convert to 5 g, 2 g, and 3g of the sediment organic carbon, or 10 g, 4 
g, and 6 g of SOM.
This method highlights the individual kerogen types present in sediments in 
terms of their actual quantities. This quantitative data facilitates the comparison of 
organic matter composition between different depositional environments. The kerogen 
source and its proximity can then be estimated. However, as pointed out by Tyson 
(1995, p. 438), the data are not “absolute” quantities as these values remain dependant 
on sedimentation rates (e.g., dilution effect).
RESULTS
Results from analysis of the three data bases (TOC, macro organic residue 
weight, kerogen absolute abundances) are described in three sub-sections below. 
However, the discussion will be subdivided into two parts. Firstly, the distribution of 
TOC and residue weight values will be discussed together in order to identify SOM 
origins. Secondly, the absolute abundances of resins, Nypa rootlets, destroyed 
phytociasts, and charcoals are discussed in order to assess the erosive potential of tidal 
channels in reworking delta plain deposits.
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Figure 6.2 Schematic diagram illustrating the estimation of absolute 
abundances of different kerogen types in a sediment.
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Distribution of TOC Values
%
Influence of Depositional Environment
In the Mahakam Delta, TOC values range from 2-13 wt. % in delta plain soils, 
0.5-5 wt. % in fluvial distributary, tidal channel, subtidal platform, delta front and 
prodelta, and < 0.8 wt. % in coastal, starved marine shelf, and Halimeda bioherm shelf
(Fig. 6.3a).
Organic carbon richness of delta plain sediments varies depending upon 
vegetation zones (Fig. 6.3b). Muds of lowland rain forest and Nypa swamp sites 
typically display TOC values of 3-8 wt. %, while the TOC values of organic muds of 
transitional forest ranges between 8-18 wt. % and of mangrove swamp between 6-10 wt.
%.
Upper tidal channel sediments have significantly higher TOC values than 
sediments from lower tidal channels, fluvial distributaries, subtidal platform and delta 
front which all display similar TOC values (Fig. 6.3c). This is demonstrated using 
Mann-Whitney tests (Fig. 6.3d). Nonetheless, lower tidal channels commonly yield 
sediments rich in organic matter, as indicated by statistically higher TOC values than 
those found from upper distributary and subtidal platform facies.
Influence of Sand Percentage
Generally, there is a negative relationship between TOC and sediment sand 
percentage (Tyson, 1995; Hunt, 1996). However, in the Mahakam Delta system, the 
existence of such association depends on the environments of deposition.
Spearman coefficient of correlation (rs) are calculated to measure the degree of 
linear relationship between sand and TOC values of sediments; samples are grouped
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Figure 6.3 a, b, c) Boxplots displaying the distribution of TOC values v.v. depositional environments. Sand samples (> 90% sand) 
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d) Results of Mann-Whitney tests presented as a two-entry table with the depositional environments tested against each other for 
TOC values. Pairs of environments that statistically differ are shown using bold numbers (P < 0.05,95%  confidence level).
according to their respective depositional environment and rs are computed separately 
for each (Table 6.1). Published statistic tables give the critical values (c). in terms of the 
number of samples (n ) utilized, above which the computed rs value has to fall to 
conclude that there is a significant linear relation between the two variables studied 
(e.g.. Cooper and Weekes, 1983: Chase and Bown, 1992). Thus, when testing the null 
hypothesis Ho that two variables (e.g., sand % and TOC) are independent, if rs> c  at the 
95% confidence interval (a  = 0.05), using rs value computed from the data and c value 
reading from a statistic table, then Ho can be rejected, and conclude that sand % and 
TOC values are significantly associated. Table 6.1 shows that, on one hand, there is a 
significant degree of linear association between TOC and sand values in sediments from 
the upper reaches of fluvial distributaries and from the subtidal platform; that is, the 
sandier the sediment, the lower the organic carbon content. On the other hand, there is 
no relationship between sand and TOC values in sediments from lower fluvial 
distributaries, or from upper and lower tidal channels.
In coastal, prodelta, starved marine shelf, and Halimeda bioherm facies, there is 
a strong association between TOC values and CaC0 3  percentages (Table 6.1). 
Distribution of Macro Plant Debris Weights 
Influence of Depositional Environment
Tidally-influenced delta plain soils (mangrove swamp, Nypa swamp, and mixed 
transitional forest) contain abundant quantities of coarse plant fragments, generally 
between 10-50 mg/g of sediment. Terrestrial rain forest soils, however, yield smaller 
amounts of debris, between 2-10 mg/g of sediment (Fig. 6.4a).
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Table 6.1 Results of Spearman coefficient of correlation calculated between four variables: 
TOC (wt. %), sand (%), carbonate (%), and weight of macro plant debris (g/g sediment). 
Statistically significant correlations are shown using bold numbers, n = number of samples, c = 
critical value.
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Figure 6.4 Boxplots displaying the distribution of macro 
plant debris (> 180 pm) weights (mg/g o f sediment) in 
various depositional environments.
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Substantial residues of macro plant debris are extracted from fluvial distributary 
and tidal channel sediments, varying between 2-20 mg/g of sediment (cf. Fig. 6.4b). 
However, the amounts of plant fragments are significantly greater in lower fluvial 
distributary, upper and lower tidal channels than in upper fluvial distributary sediments. 
This is corroborated by a Mann-Whitney statistic test (P = 0.02, for n = 44 and n = 24, 
respectively). Mann-Whitney is applied to test the null hypothesis (Ho) that a variable 
(e.g., macro residue weight) is identical between two depositional environments (equal 
medians). The critical region is found in terms of probability P value for 95% 
confidence interval (a  = 0.05). If P < 0.05, Ho is rejected, and there is statistically 
significant differences between the two environments tested (Davis, 1986; Chase and 
Bown, 1992). In addition, significant residue masses (> 10 mg/g of sediment) are 
always derived from lower fluvial distributary, upper and lower tidal channel sediments 
(cf. Fig. 6.4b).
Half of the subtidal platform samples contain rather modest organic residues (<
5 mg/g of sediment), while the other half yield no macro plant fragments. In addition, 
no coarse plant debris are recovered from prodelta, starved marine shelf, and Halimeda 
bioherm sediments (cf. Fig. 6.4b). Therefore, seaward of the subtidal delta platform 
area, terrestrially-derived organic matter are smaller than 180 pm.
Influence of TOC and Sand Percentages
Variation in the amount of macro plant fragments from delta plain soils (rain 
forest, transitional forest, Nypa swamp, mangrove swamp) displays a strong positive 
correlation with sediment TOC values (rs -  +0.78).
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In upper reaches of fluvial distributary sediments, a significant relationship 
exists between TOC. sand percentages, and amounts of macro plant fragments. The 
association between these three variables are estimated using Spearman correlation 
coefficients (cf. rs and critical values c in Table 6.1). In sediments from upper fluvial 
distributaries, an increase in sand percentages is accompanied by a decrease in TOC 
values and in the weight of macro plant debris. A positive association also links TOC 
and residue weight, thus, the more muddy the sediment, the richer in organic carbon, 
and the larger the quantity of macro plant fragments. Conversely, both organic carbon 
richness and macro plant fragment weight decline in coarser sediments.
Similar relationships are found in subtidal delta platform sediments between 
TOC, sand percentages, and macro debris weight (cf. Table 6.1). However, muds are the 
only lithology to contain macro plant remains; no large plant fragments are recovered 
from sandy sediments.
In tidally-influenced channel sediments (lower distributaries, upper and lower 
tidal channels), an increase in sand percentages sees no accompanying decrease in TOC 
or debris weight values; however, a positive association relates TOC and residue weight 
(cf. Table 6.1). In other words, the richer the sediments in organic matter, the higher the 
amounts of macro plant fragments, regardless of the lithology.
Distribution of the Absolute Abundances of Key Kerogen Types
Absolute kerogen abundances are analyzed in delta plain forest, fluvial 
distributary, tidal channel, subtidal platform, and delta front sediments. However, 
samples from lower fluvial distributaries, lower tidal channels, and subtidal platform
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area are grouped together because the same variations were found within these three 
depositional environments.
Because samples from the Mahakam River itself are free of organic input from 
delta plain vegetation and tides, they are classified separately from upper fluvial 
distributary samples. Sediments from the Mahakam River and, to a certain extent, the 
upper fluvial distributaries are used to contrast their organic content with those 
deposited within tidally-influenced environments (lower distributaries, tidal channels, 
subtidal platform, delta front).
Mann-Whitney tests control whether the absolute abundance of a kerogen type 
statistically differs when depositional environments are compared to each other. Results 
of Mann-Whitney analyses are presented as two entry tables with the depositional 
environments that are tested against each other. Pairs of sedimentary facies that 
statistically differ shown using bold numbers. Boxplots are jointly presented to indicate 
whether quantities are significantly higher or lower when comparing pairs of 
depositional environments.
Resins
Palynofacies analysis (cf. Chapter 4) shows that resin percentages are low in 
sediments compared to other kerogen types, rarely exceeding 5%. However, in relation 
to their own percentage distribution, resin percentages are very high in rain forest soils 
(4-6%), high in transitional forest soils (1-5%), and low in subaquatic deltaic 
environments (< 1.5%).
The absolute amounts of resins calculated for rain forest and transitional forest 
sediments are about an order of magnitude more abundant than in all other depositional
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environments (10-20 times greater and representing about 500 to 1,000 mg of 
resins/100 g of sediment). In addition, the quantity of resins statistically differs in 
sediments from tidally and non-tidally influenced depositional environments. Mann- 
Whitney test results (Fig. 6.5b). associated with the distribution of resin wt. 9c within 
individual depositional environments (Fig. 6.5a), indicate the following:
- resins are present in significantly lower quantities in Mahakam River sediments than 
in lower fluvial distributary, tidal channel, subtidal platform, and delta front 
sediments,
- resins are present in significantly lower quantities in upper fluvial distributary than 
in lower fluvial distributary, tidal channel, and subtidal platform sediments, 
resins are more abundant in upper tidal channel sediments; their abundance 
decreases toward the lower fluvial distributary, lower tidal channel, and subtidal 
platform facies reaching significantly smaller amounts in delta front sediments.
Nxpg Rootlets
Palynofacies analysis (cf. Chapter 4) shows that Nypa rootlet percentages are 
low compared to other kerogen types (< 39c) in subaquatic deltaic environments. 
However, Nypa rootlets are omnipresent were the tide influence the distribution of 
organic matter, but become increasingly rare in prodelta deposits. These trends are more 
Huffily expressed by absolute abundance data.
The absolute abundance of Nypa rootlets calculated for transitional forest and 
Nypa swamp sediments are about an order of magnitude higher than in other 
depositional environments (Fig. 6.6a). In addition, the quantity of Nypa rootlets 
statistically differs in sediments from tidally and non-tidally-influenced depositional
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Figure 6.S Sediment content o f resin in terms o f its absolute abundance (mg o f 
resin/100 g o f sediment), a) Boxplots displaying the distribution of values versus 
depositional environment b) Results o f Mann-Whitney test (given in probability 
P values), presented as a two-entry-table with depositional environments tested 
against each other. Pairs o f environments that statistically differ (P < 0.05,95% 
confidence level) are shown in bold type.
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values versus depositional environments, b) Results of Mann-Whitney tests (given 
in probability P  values), presented as a two-entry table with depositional 
environments tested against each other. Pairs of environments that statistically 
differ (P < 0.05,95% confidence level) are shown in bold type.
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environments. Mann-Whitney test results (cf. Fig. 6.6b). associated with the distribution 
of Nypa rootlet wt. % within individual depositional environments, also indicate the 
following:
the quantity of Nypa rootlets is higher in upper tidal channel sediments than in lower 
fluvial distributary, lower tidal channel, subtidal platform, and delta front sediments, 
- Nypa rootlets are almost absent in rain forest, Mahakam River, and upper fluvial 
distributary sediments.
Destroyed Phvtoclasts
Analysis of phytoclast degradation states (cf. Chapter 4) shows that the 
percentages of destroyed phytoclast are higher (> 30-70%) in tidal delta plain 
(mangrove, Nypa. and transitional forests) and in offshore marine sediments. Generally, 
percentages vary between 10-20% in fluvial distributaries and between 20-30% in tidal 
channels.
The absolute amounts of destroyed phytoclasts calculated for transitional forest, 
Nypa swamp, and mangrove swamp sediments are about an order of magnitude higher 
than in subaquatic depositional environments (Fig. 6.7a). Mann-Whitney tests 
demonstrate that destroyed phytoclasts are present in significantly lower quantities in 
the Mahakam River and in upper fluvial distributary sediments than in upper tidal 
channel and delta front sediments (Fig. 6.7b). In addition, boxplots indicate that lower 
fluvial distributary, lower tidal channel, and subtidal platform sediments tend to contain 
intermediate amounts of destroyed phytoclasts between the values of upper tidal 
channel (1-2 g) and upper fluvial distributary sediments (0.1-1 g).
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Figure 6.7 Sediment content o f destroyed phyotciast in terms o f its absolute 
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the distribution of values versus depositional environments, b) Results of Maim- 
Whitney tests (given in probability P values), presented as a two-entry table with 
depositional environments tested against each other. Pairs o f environments that 
statistically differ {P < 0.05,95%  confidence level) are shown in bold type.
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Charcoal
In all deltaic depositional environments, palynofacies analysis (cf. Chapter 4) 
shows that charcoal percentages are minor (< 1.5%) compared to other kerogen types. 
However, percentages progressively increase seaward to about 4% in outer shelf facies, 
reflecting preferential preservation of inert material after lengthy transport.
The absolute abundance of charcoal in sediments does not statistically differ 
between any depositional environments tested (Fig. 6.8): delta plain forest, Mahakam 
River, fluvial distributary, tidal channel, subtidal platform, and delta front. This is 
substantiated by a Krustal-Wallis test (P = 0.14 for 9 groups, n = 133 samples). The 
Krustal-Wallis test is comparable to the Mann-Whitney test, but it allows comparison of 
more than two groups (depositional environments) at a time (Wilkinson et al., 1992). If 
at least one environment significantly differs in its abundance of charcoal, then the 
probability value would be P  < 0.05.
DISCUSSION
The first part of this section discusses the different origin (location) of SOM, and 
in addition the transport processes that led to the input of SOM into the deltaic system. 
Several studies have identified the different types of macro plant debris recoverable 
from vibrocore sediments taken in swamps, fluvial distributaries, tidal channels, and 
subtidal platform of the Mahakam Delta (Gastaldo and Hue, 1992; Gastaldo et al.,
1993; Gastaldo, 1994). Data from these studies have been integrated in order to derive 
the sources (types of plant parts) of SOM within the deltaic system.
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The second part discusses the introduction of four kerogen types (resin, Nypa 
rootlet, destroyed phytoclast, charcoal) into the deltaic system in terms of their absolute 
abundances, in order to investigate the eroding processes of tidal channels.
Origins and Sources of Kerogen
Assessment of the proximity of sourcing vegetation can be achieved by analysis 
of the sediment organic matter richness (TOC), when combined with the abundance of 
macro plant debris in the sediments. The assumption that the presence of macro plant 
fragments is an indication of the proximity of SOM origin area is substantiated by the 
work of Scheihing and Pfefferkom (1984). Those authors studied the incorporation of 
plant parts in modem sediments of the Orinoco Delta, and demonstrated that leaves are 
buried close to their site of growth. Scheihing and Pfefferkom’s (1984) results in the 
Orinoco Delta appears to be valid in the Mahakam Delta. Firstly, the amount of coarse 
debris decreases to zero directly seaward of channel mouths, indicating that transport of 
macro debris is relatively limited. Secondly, the quantity of macro debris is an order of 
magnitude higher in forests where plant fragments are produced than in any other 
depositional environment.
According to TOC and macro debris weight (see summary in Figure 6.9), it 
appears that SOM could originate from three parts of the delta, each with a different 
sourcing vegetation. These areas are 1) the upper fluvial distributaries, 2) the lower 
fluvial distributaries and lower tidal channels, and 3) the upper tidal channels; these are 
discussed separately below. The Mahakam River may also import SOM to the delta in 
suspension; this possibility will be discussed later.
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Kerogen Originating from Upper Fluvial Distributary Area
In their upper reaches, fluvial distributaries have erosive meandering thalwegs, 
and are unaffected by saline water (Allen et al., 1979). Between distributaries, the delta 
plain is covered by a tropical lowland rain forest at its apex, which grades downstream 
into a mixed hardwood and palm transitional forest (Dutrieux et al., 1990).
Source of Sedimentary Organic Matter
According to Gastaldo and Hue (1992), leaves originating from upper delta plain 
forest are a source of SOM that is distributed throughout the delta system. Their work is 
based on the identification of macro plant debris recovered from vibrocores taken across 
the Mahakam Delta. Gastaldo and Hue (1992) demonstrated that, in general, leaves 
(dicotyledonous angiosperms) quantitatively dominate the plant debris assemblages of 
the entire delta, including fluvial distributary deposits.
In contrast, the predominant sources of organic matter in transitional forest soils 
are woody roots and rootlets, with little canopy parts incorporated into the sediments 
(Gastaldo and Hue, 1992). Indeed, dead root biomass may represent an input of organic 
matter as abundant as the subaerial litter fall (Singh and Gupta, 1977; Swift and 
Anderson, 1989)
Primary Means of Transport
Tropical rain forests are the most productive of any terrestrial ecosystems 
because of a year-round favorable climate. This high primary productivity is due to the 
rate of leaf production and not to the productivity of wood (Jordan, 1983; Whitmore,
1984). About 80% of the annual litter production consist of leaves. Clearly, the upper 
delta plain forests are potentially a significant source of SOM. Three processes could
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account for the incorporation of leaves produced into waterways as part of the SOM: 
direct leaves fail, slumping of channel banks, and occasional tidal export.
Bank vegetation is a provider of leaf matter to waterways (Gastaldo, 1990). In 
the Orinoco Delta, fluvial distributaries of the upper delta plain incorporate leaves 
dehisced from the vegetation growing on river banks (Scheihing and Pfefferkom, 1984). 
According to Gastaldo et al. (1993), fluvial distributaries are the principal conduits 
through which leaves are transported in suspended load from the upper delta plain to the 
subtidal platform. The fact that TOC, sand percentage, and macro residue weight data 
are linked, suggests the direct influence of bank vegetation from the upper delta plain. 
Sediments are less directly influenced by channel bank vegetation towards the channel 
center. This trend is accompanied by grain size coarsening toward the channel center.
Two other processes may bring SOM into the deltaic system. In the Orinoco 
Delta, erosion of channel banks may cause entire trees to fall directly into the 
distributaries (Scheihing and Pfefferkom, 1984). In addition, the transitional forest is 
reached by exceptionally high Spring tides, which may also export about 25% of the 
total annual litter fall (Robertson et al., 1992)
Kerogen Originating from Lower Fluvial Distributary and Lower Tidal Channel Area
Lower to middle reaches of fluvial distributary and tidal channels are affected by 
tides (Allen etal., 1979). Mangrove forests fringe the delta plain, and the back 
mangrove area is occupied by a monospecific Nypa palm forest (Dutrieux et al., 1990).
The distribution of TOC and macro residue values suggests that a major input of 
SOM could originate from this area. The mangrove swamp origin is discussed below; 
the input from Nypa vegetation will be examined separately in the next section.
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Source of Sedimentary Organic Matter
In the Mahakam Delta, tree leaves dominate most macro plant fragment 
assemblages of fluvial distributary, tidal channel, and subtidal platform environments, 
debris of mangrove leaves are found in the subtidal zone (Gastaldo and Hue, 1992). In 
the Orinoco Delta, distributaries carry very large amounts of floating plant material out 
of mangrove swamps during the ebb tide. Although the floating assemblage is 
composed of twigs, wood, and other plant parts, channel deposits mostly contain well 
preserved leaves (Scheihing and Pfefferkom, 1984).
The Mahakam Delta (Gastaldo and Hue, 1992) and the Orinoco Delta 
(Scheihing and Pfefferkom, 1984) mangrove swamp sediments consist of bioturbated, 
organic clays, rich in buried root debris and sparse leaf incorporation. Mangrove soils 
often have high root biomass (Robertson et al., 1992) because mangrove species 
adapted to unstable, anaerobic, muddy substrates by producing a dense prop-root system 
(Lugo, 1990). In addition, some mangrove peat deposits (Southern Florida) consist 
mostly of roots and rootlets because the other plant remains are washed away twice 
daily by tides (Cohen and Spackman, 1977).
Primary Means of Transport
Mangrove ecosystems, growing in humid tropical climates and in actively 
accreting deltaic muds, are highly productive. These favorable conditions promote 
maximum rate of foliage production, comparable to that of tropical lowland rain forests 
(Clough, 1992). Leaves of mangrove species are thick and firm, often possessing 
abundant tannins cells (Tomlinson, 1986) and thick cuticles (Chapman, 1976). Leaves 
represent about 80% of the annual litter biomass as a result of year-round leaf
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dehiscence (Lugo, 1990; Clough, 1992); however, crabs can consume about 30% of it 
(Robertson et al., 1992).
Tidal processes are responsible for exporting most of this mangrove litter 
production (Lugo, 1990; Blasco, 1991). A scum of mangrove detritus carried by ebbing 
tides is often visible on the sea surface (Tomlinson, 1986). Tidal ebb-flood asymmetry, 
as described by Wolanski et al. (1992), is an effective system in flushing organic matter 
out of swamp floors into tidal channels, and eventually to offshore areas (cf. description 
Chapter 2). In addition, the absence of levees in the Mahakam Delta allows ebb flow 
water to drain from the swamp into middle and/or lower reaches of fluvial distributaries 
(depending of the tide range), hence increasing drainage efficiency. Risk and Rhodes 
(1985) showed that the mean tidal range in Missionary Bay (Australia), similar to that 
of the Mahakam Delta, causes tidal flushing effective enough to remove most of the 
mangrove leaf litter.
Tidal energy cannot flush out dead tree trunks. However, wood is decomposed 
particularly rapidly in mangrove forests by Terenid mollusks (Robertson et al., 1992), 
by numerous marine fungi species (Kohlmeyer, 1984), and by mangrove-inhabiting 
fungi species (Jones and Alias, 1997). Rapid decomposition may explain the 
proportionally small quantities of wood remains in the Mahakam deltaic system. In 
contrast, mangrove forest leaf litter could be an important source of SOM. Risk and 
Rhodes’ (1985) work in an Australian tropical mangrove system suggests that with 
adequate tidal flushing, mangrove leaves are the major source of bay and offshore 
SOM, and could be present in sufficient quantities for hydrocarbon generation.
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Kerogen Originating from Interdistributarv Tidal Channel Area
In the interdistributary zone, a dense network of tidal channels drains 
floodwaters from the delta plain after tidal inundation. The area is colonized by a 
monospecific Nypa palm forest, which covers about 2/3 of the delta plain (Allen et al., 
1979). Distribution of TOC and macro residue values suggests an important input of 
SOM originating from the interdistributary zone.
Source of Sedimentary Organic Matter
Nypa fruticans is a palm tree whose shoot apex is at ground level, and from 
which leaves stand up to 9 m tall. At their base, leaf petioles are bulbous, thick, fibrous 
masses, 1-2 m in length (Tralau, 1964; Tomlinson, 1986). Fruits produced on large 
fruiting heads, are composed of fibrous tissues, are dispersed by water, and are 
commonly recovered in sediments (Collinson, 1993; Pole and Macphail, 1996).
Nypa palm covers a major part of the delta plain, and with 9 m tall leaves, 
foliage production is vast. However, the relative percentages of cuticles are not greater 
in tidal channel or in Nypa swamp sediments than in other depositional environments 
(cf. Chapter 4). In addition, macro fragments of Nypa leaves are only sporadically 
encountered outside the monospecific forest area (Gastaldo and Hue, 1992; Gastaldo et 
al., 1993). The reason lies in the manner in which dead palm leaves are shed. Palm 
leaves are not dehisced, when they die, their petioles bend toward the ground, and the 
leaves literally rot on the stem (Scheihing and Pfefferkom, 1984). Gastaldo et al. (1993) 
observed that as petioles are retained on the base of Nypa palms, insects and fungi 
inhabit them until petioles are weakened, they fall over, and are caught within the leaves 
of other plants, and remain suspended above the soil.
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In the interdistributary area, Nypa petiole remains overshadow other plant 
components. This is in sharp contrast with fluvial distributary and subtidal platform 
sediments, which are dominated by tree leaf debris (dicotyledonous angiosperms). 
Nonetheless. Nypa petioles, rootlets, fruits can be found in most deltaic depositional 
environments (Gastaldo and Hue, 1992).
In tidal channels, where Nypa palms fringe the channel margins, fibrous petioles 
fragments may dominate the macro plant debris assemblages, but may also contain the 
remains of Nypa rootlets, leaves and fruits (Gastaldo, 1992; Gastaldo and Hue, 1992) 
Nypa swamp soils are dominated by non-woody rootlets occuring as cuticular 
sheets, accompanied by scattered fibrous petiole remains. Few leaf remains are 
recovered and no woody roots are encountered (Gastaldo, 1990; Gastaldo and Hue,
1992). Nypa rootlets may account for up to 65% of soil organic matter of Nypa and 
transitional swamp forests (Gastaldo, 1994).
Primary Means of Transport
Pronounced ebb-flood tidal asymmetry develops in Nypa swamps because palms 
retain their dead aerial parts, consequently layering the swamp floor by a thick, 
intricate, net of fallen petioles and leaves between the Nypa stands. Therefore, tidal flow 
is significantly retarded, resulting in strong ebb flow currents in tidal channels 
(Wolanski et al., 1992). Portions of rotten petioles are likely to be swept out of the 
swamp floor during the ebb tide phase, incorporated into the suspended load of tidal 
channels, and eventually transported downstream. As extensive monospecific Nypa 
palm swamps are produced when flooding is frequent (Myers, 1990), the supply of 
organic matter through tidal flushing is likely to be significant. The TOC and macro
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residue data distribution reflect this process of organic matter input. There is a clear 
trend for TOC values to increase toward the head of narrow tidal channels, the highest 
sediment TOC characterizes the very upper reaches. In addition, macro residue weights 
are large in tidal channels, indicating proximity of sourcing vegetation.
Total organic carbon represents the percentage of organic versus mineral matter 
and is dependant upon 1) siliciclastic material supply and 2) organic matter supply 
(Tyson, 1995). Therefore, the high sediment TOC typical of tidal channels may be 
caused by either increased organic matter supply, or by reduced siliciclastic input. It 
appears that both processes contribute to the high TOC values in tidal channel 
sediments. The lack of direct fluvial input (Allen et al., 1979) results in reduced clastic 
dilution and higher TOC concentrations near the channel headwaters (Wrenn et al., 
1995). In addition, sediments are enriched in fibrous Nypa remains (e.g., petioles, fruits) 
through tidal processes.
Kerogen Supply from Delta Plain Erosion by Tidal Channels
The absolute abundance distribution of four kerogen types (resin, Nypa rootlet, 
destroyed phytoclast, charcoal) are discussed individually (cf. summary in Figure 6.9). 
These four types in particular were purposefully chosen to assess the role play by tidal 
processes in supplying SOM through the scouring of delta plain soils.
Resins
The dominant tree-producing resins in Southeast Asia belong to the 
Dipterocarpaceae family (Langenheim, 1990). These trees compose part of the peat- 
swamp forest flora (Anderson, 1983) of the Mahakam River alluvial basin (Flores,
1993). Dipterocarp species also grow in the mixed transitional hardwood and the
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lowland rain forests of the upper Mahakam delta plain (Dutrieux et al., 1990). Their 
pollen are well represented in surface sediments and air filters (Caratini and Tissot,
1985). A gas chromatogram of a single resin sample (from site 27 of a detrital peat 
beach) confirmed that resin is derived from Dipterocarpaceae taxa (Wrenn et al., 1995). 
Therefore, resins recovered from Mahakam Delta sediments may originate from the 
alluvial basin and/or from the upper delta plain vegetation.
The small quantities of resins found in the Mahakam River and upper fluvial 
distributary sediments indicate that the Mahakam River imports minor amounts into the 
deltaic system from the alluvial basin. In contrast, resins are abundant in soils of the 
lowland rain forest and the transitional mixed hardwood and palm forest. In addition, 
tidal channel of the interdistributary zone, and lower distributary and subtidal platform 
sediments are significantly enriched in resins. This suggests that there are two origins of 
resins in the Mahakam deltaic system: 1) minor amounts transported by the Mahakam 
River, and 2) major input eroded from hardwood transitional forest soils by the sinuous 
tidal channels. Tidal processes are responsible for erosion and reworking of delta plain 
soils.
As discussed above, the intricate, dense vegetation covering most of the delta 
plain retards tidal flow, causing tidal asymmetry ebb-flood flow and strong ebb tide 
currents within tidal channels. This process is accentuated during the highest spring 
tides where large areas of the delta plain surface are flooded (mangrove, Nypa, and 
transitional forests), causing the development of a large tidal prism. Therefore, as a 
greater volume of water is forced to leave the system, stronger ebb flow currents result
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in tidal channels. These stronger ebb tide currents scour deep tidal channels, thus 
eroding delta plain soils (Wolanski e ta i, 1992).
These increased tidal currents also export sediments from the base of tidal 
channels (Wolanski etal., 1992). This may account for the distribution of resins in the 
tidal channels, lower reaches of fluvial distributaries, and subtidal platform.
Nxpa Rootlets
Gastaldo (1990) identified non-woody rootlets occuring as cuticular sheets as 
Nypa palm rootlets. Under transmitted light microscopy, these sheets display a 
distinctive morphology, which even in small fragments, is easily recognizable. This is 
illustrated in Chapter 4.
Absolute abundance of Nypa rootlet particles are an order of magnitude greater 
in Nypa swamp soils and in mixed hardwood and palm transitional forest soils than in 
all other depositional environments. There is a clear trend for the abundance of Nypa 
rootlet remains to increase toward the narrow heads of tidal channels. Fragments of 
Nypa rootlets are almost absent in sediments of the Mahakam River and of the upper 
reaches of fluvial distributaries. These results suggest that Nypa rootlets originate from 
the erosion of Nypa swamp and transitional forest soils by tidal channels. This input of 
organic matter into tidal channels is redistributed and flushed out by tidal processes (see 
above) into lower tidal channels, lower fluvial distributaries, subtidal platform, and 
finally to sediments of the delta front.
Destroyed Phvtoclasts
Destroyed phytoclasts represent structurally and chemically highly altered plant 
fragments. These kerogen particles are mainly comprised of precipitated humic
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substances, which are highly resistant to decay (cf. Chapter 5). Thus, destroyed 
phytoclasts are considered as “refractory” organic matter, the fraction that survived 
degradation and cannot be consumed by microbes (Martens et al., 1992; Tyson, 1995). 
Destroyed phytoclasts recovered from fluvial distributary, tidal channel, and subtidal 
platform sediments could possibly originate from the Mahakam River suspended load 
or from the erosion of delta plain soils by tidal channels.
The majority of tropical river suspended organic matter is highly degraded. This 
refractory fraction may represent up to 75-80% of the rivers suspended organic matter 
(Degens et al., 1984; Ittekkot. 1988). This is because most of the organic matter is 
flushed into the rivers from floodplain soils, where in tropical areas, it has been 
intensely degraded. Therefore, most of the organic matter transported by the river is 
already biodegraded. This is typical of Southeast Asian rivers (Ittekkot, 1988; Spitzy 
and Ittekkot. 1991). In addition, fresh organic matter, such as leaves shed directly into 
streams, is rapidly colonized by aquatic fungi and bacteria (Barlocher and Kendrick, 
1974). Geochemical analysis on bulk suspended organic matter of the Amazon River 
indicated rapid oxidation processes, occuring within days from the sourcing areas 
(Richey et al., 1991). It may be inferred that most of the plant fragments brought in 
suspension by the Mahakam River are refractory, biodegraded particles.
The low quantities of destroyed phytoclasts found in the Mahakam River and 
upper fluvial distributary sediments indicate that a portion of destroyed phytoclasts are 
brought into the deltaic system by the Mahakam River. However, this represents only 
about 5-10% of the total kerogen assemblage. In contrast, destroyed phytoclasts are the 
major kerogen type of soils of the transitional, Nypa, and mangrove forests. Tidal
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channels are also typically enriched in destroyed phytoclasts. Therefore, data suggests 
that there is an important second origin of destroyed phytoclasts into the deltaic system, 
namely from the erosion o f delta plain soils by tidal channels. This input of destroyed 
phytoclasts represents up to 1/3 of the total kerogen assemblage in tidal channel and 
subtidal platform sediments.
Distribution patterns of absolute abundances of destroyed phytoclasts and of resins 
are similar. They both indicate dual origins, a minor fraction transported by the 
Mahakam River, and a major fraction eroded from the delta plain soils. Tidal processes 
are responsible for the scouring of delta plain soils, reworking organic matter, which are 
exported out to new depositional environments (lower distributary, subtidal platform, 
delta front) by ebb tide currents.
Charcoals
Charcoals are produced by the burning of vegetation during wild fires, and are 
easily transported by wind and water. Because of their low density and inert character, 
they can be transported for long distances (Gastaldo, 1994)
Because similar amounts of charcoals are found all over the delta, these particles 
may originate from the erosion of burned peat layers from the alluvial valley, 
subsequently transported by the Mahakam River, and redistributed over the delta by 
tidal currents. The peat-forming swamps of the Mahakam River alluvial valley 
witnessed a drought in 1982-83, which caused extensive fires resulting in great damage 
to the vegetation and peat deposits (Flores, 1993). Historically, natural drought and 
wildfires occurred periodically in East Kalimantan (Mayer, 1996).
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The distribution pattern of charcoal absolute abundances in sediments contrast 
with those of resin, Nypa rootlet, and destroyed phytoclast particles. Charcoal, which 
does not originate from the delta, displays a distinctive distribution pattern compared to 
that of the kerogen types sourced by delta plain soil erosion.
It could be argued that as resins and Nypa rootlets represent minor kerogen 
constituents, variations of their absolute abundances between depositional environments 
could be as great as the experimental errors, the relevance of the results could thus be 
questioned. However, the fact that charcoals, also a minor organic constituent, have an 
individual distribution pattern validates the results 
CONCLUSIONS
1) Sedimentary organic matter deposited in Mahakam subaquatic deltaic environments 
(fluvial distributaries, tidal channels, subtidal platform, delta front, and prodelta) 
may be composed of terrestrially-derived plant debris of five origins:
the upper fluvial distributary area,
the lower fluvial distributary and lower tidal channel area, 
the interdistributary tidal channel area,
- the erosion of delta plain deposits by tidal channels,
- the Mahakam River.
2) In the upper fluvial distributary area, the source of SOM is mainly leaves from the 
hardwood forests (lowland rain forest and transitional mixed forest). Sedimentary 
organic matter are incorporated into the deltaic system by direct leaf fall from the 
bank vegetation, by channel bank erosion, and by tidal export from the forest floor 
during exceptionally high tides.
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3) In the lower fluvial distributary and lower tidal channel area, leaves from the 
mangrove swamps are an additional important source of SOM. Tidal currents, 
caused by ebb-flood asymmetry, are responsible for exporting leaf litter out of the 
swamp.
4) In the interdistributary tidal channel area, SOM is sourced:
- by the surrounding vegetation, primarily fibrous remains of Nypa palm petioles and
fruits.
by the erosion of delta plain deposits by tidal channels. Delta plain organic matter 
content consists essentially of degraded and destroyed phytoclasts, and when 
reworked, may compose up to about 30% of tidal channel and subtidal platform 
SOM. Nypa rootlet remains are incorporated by erosion of Nypa and transitional 
forest soils. Resins are derived from the erosion o f mixed hardwood transitional 
forest soils, at the narrow heads of tidal channels. The forest flora includes 
dipterocarp species (tree-producing resins).
Because palms retain their aerial parts, dead leaves and petioles form a thick, 
tangled net between Nypa stands, through which tidal flow is considerably retarded. 
Consequently, pronounced asymmetric ebb-flood tidal flows result in strong ebb 
currents in tidal channels, which flush out Nypa palm parts, scour delta plain deposits, 
and export materials from the channel bottom.
5) The Mahakam River brings organic matter into the deltaic system as suspended load 
and as bedload:
- terrestrial plant derived organic matter transported in suspension by tropical rivers 
are mostly highly degraded, which are therefore likely to be composed of destroyed
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phytoclasts. The fraction of destroyed phytoclasts brought into the deltaic system by 
the Mahakam River is estimated to represent about 5-10% of the total SOM,
- minor quantities of resins are carried downstream from the alluvial basin as part of 
the river bedload.
6) The facts that the Mahakam Delta is tropical and fluvio-tidally dominated result in 
important SOM supply characteristics, owing to:
- high primary productivity of humid tropical hardwood vegetation, providing large 
leaf litter biomass through year-round leaf dehiscence,
- mangrove and Nypa swamps form dense, intricate forests covering most o f the delta 
plain. During high spring tides, large areas of the delta plain surface are flooded, 
causing the development of a large tidal prism, which accentuates ebb-tide flow 
asymmetry, strengthens ebb tide currents in tidal channels, and increases flush out 
of materia] from the base of tidal channels,
- tidal currents shift large amounts o f organic debris from the delta plain into the 
fluvial distributary and tidal channel systems. Consequently, plant litter is not left 
“rotting” on the forest floor, but are removed and incorporated into subaquatic 
deltaic depositional environments (middle to lower reaches of fluvial distributaries, 
tidal channels, subtidal platform, and delta front).
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CHAPTER 7. GENERAL CONCLUSIONS
Origin of Sedimentary Organic Matter
Sedimentary organic matter deposited in the Mahakam deltaic environments 
(fluvial distributaries, tidal channels, subtidal platform, delta front, and prodelta) 
principally originate from the delta plain vegetation. The Mahakam River brings organic 
matter into the deltaic system; however, it represents proportionally only a small 
fraction (5-10%) of the total sediment content in kerogen. Input of SOM is from three 
primary sources.
1) Leaf litter derived from the upper fluvial distributary area (lowland rain forest and 
hardwood transitional mixed forest) and from the lower fluvial distributary and 
lower tidal channel area (mangrove swamp forest).
2) Fibrous remains of Nypa palm petioles and fruits that came from the 
interdistributary tidal channel area.
3) Reworked organic matter from the delta plain soils, consisting essentially of highly 
degraded plant remains, which are incorporated into the deltaic system by erosion of 
Nypa and transitional forest soils by tidal channels. This source may represent up to 
about 30% of kerogen assemblages of tidal channels and subtidal platform 
sediments.
Composition of Sedimentary Organic Matter in the Mahakam Delta
Terrestrially-derived kerogen comprises 80-100% of the SOM, from the Mahakam 
River to the middle-to-distal prodelta sediments. Phytoclasts are the most abundant type 
of organic matter, which are essentially fragments of leaves, petioles, stalks, and other
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“soft plant parts”, whose chemical cell wall composition is mainly cellulose and 
hemicellulose. Phytoclasts represent about 60-80% of the total kerogen assemblages in 
deltaic and prodeltaic sediments.
Distribution and Transport of Sedimentary Organic Matter
Sedimentary processes are reflected in the distribution of kerogen (palynofacies 
analysis) and of sporomorphs (pollen, spores, and fungal spores). Characteristics of 
kerogen assemblages, as well as of sporomorph concentrations, are thus the results of 
similar sedimentary processes. Four groups of environments, for which the transport and 
depositional processes responsible for kerogen and palynomorph accumulations differ, 
are distinguished. These are summarized below.
1) The tidally-influenced depositional environments
These environments comprise delta plain swamp forests (mixed transitional forest, 
Nypa swamp, and mangrove swamp), mid-to-lower reaches of distributary channels, 
tidal channels, subtidal platform, and delta front.
Pollen, spores, and fungal spores are produced by the delta plain vegetation, are 
dispersed in the air, and are quickly deposited by frequent tropical rains over soil litter 
that covers the swamp floors (e.g., leaves, Nypa petiole parts). Delta plain swamps are 
inundated periodically during flood tides, and tidal currents, caused by ebb-flood 
asymmetry, are responsible for exporting leaf litter out of the swamp. Lower delta plain 
vegetation form a thick, tangled net of aerial roots or dead Nypa palm petioles and 
leaves, through which flood flow is considerably retarded. Consequently, pronounced 
asymmetric ebb-flood tidal flows result in stronger ebb currents in tidal channels, which 
flush swamp floor litter, scour delta plain deposits, and export materials from the
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channel bottom into the sea. In addition, the lack of alluvial levees permits flood water 
to be drained into the mid-to-lower reaches of fluvial distributaries, contributing to the 
incorporation and transport of plant litter and sporomorphs from the swamp floor into 
offshore deposits (e.g., subtidal platform, delta front).
2) The lowland rain forest
Lowland rain forest sediments, located at the apex of the delta, are isolated from 
tidal flooding, resulting in minimum import of siliciclastic particles. Therefore, SOM is 
principally autochtonous. This terrestrial soil is an oxygenated, moist, and warm 
environment that promotes maximum activity of decomposer community, which leads 
to recycling of plant debris, with preferential preservation of the most resistant fraction. 
This results in a kerogen assemblage dominated by cuticles, resins, and pollen/spores, 
well known to be oil-prone materials.
3) The proximal prodelta
There is a sharp decline in the proportion of terrestrial to marine palynomorphs 
in prodeltaic compared to delta front sediments. Marine-derived kerogen starts to 
become evident in the sediment organic assemblage, though still representing a 
relatively small fraction. At the steep outer edge of the delta platform, tidal currents are 
significantly reduced due to deepening of the water column, which triggers the 
sedimentation of mud size panicles, removing a large ponion of terrestrially-derived 
suspended matter, both organic and inorganic.
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4) The marine Shelf
Marine shelf sediments contain the most resistant terrestrially-derived organic 
particles, those preferentially preserved after being subjected to lengthy transport in 
oxygenated water and deposition in bioturbated sediments.
Concentrations of marine palynomorphs are comparable in prodelta, starved- 
shelf, and Halimeda bioherm environments. However, their preservation potential in 
distal prodelta and starved shelf sediments is probably poor because marine 
palynomorph assemblages are essentially derived from animal microfossils, whose 
organic walls are constituted of relatively labile molecules (polysaccharides). Thus, 
analogous subsurface shelf facies could be lacking marine palynomorphs because labile 
organic matter, deposited in aerobic, bioturbated sediments, under a relatively slow 
sedimentation rate, are unlikely to be preserved.
Degradation of Phytoclasts in Subaquatic Deltaic Sediments
Phytoclasts display chemical and structural preservation in subaquatic deltaic 
environments (fluvial distributary, tidal channel, subtidal platform, delta front). When 
soft plant tissues, derived from swamp litter, are incorporated into the water column, 
precipitation of humic substances in-filling cell lumens may occur, but cell walls remain 
chemically preserved. Plant debris are rapidly deposited and buried within the anaerobic 
sediment layer, in which degradation is limited. Therefore, debris of cellulosic and 
hemicellulosic plant tissues accumulate in these subaquatic deltaic sediments, although 
these molecules are commonly considered to have low preservation potential.
A unique geochemical system has developed in these sediments as a result of 
high rate of organic matter input, leading to the preservation of labile molecules.
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Sediment pH and Eh measurements closely correspond to the Nemst’s theoretical 
equation of organic matter oxidation, indicating that organic matter (substrate) are in 
excess concentrations compared to the oxidants (sulfate, iron compounds) that can be 
utilized by microorganisms. In addition, the rate of organic matter degradation is equal 
within the anaerobic layers regardless of the depositional environments.
Consequently, because chemically and structurally preserved phytoclasts have 
maintained their fluorescence properties, it is believed that these cellulosic debris may 
be a major contributor in deltaic oil-prone source rocks (fluorescence properties indicate 
hydrocarbon potential, e.g., strongly fluorescent kerogen are capable of generating oil 
upon thermal maturation).
Degradation of Phytoclasts in Delta Plain Sediments
Although the sources of organic matter are similar in delta plain soils and in 
subaquatic sediments, their transformations are very distinctive. In contrast to 
subaquatic settings, phytoclasts degrade chemically and structurally in delta plain soils. 
At the surface of delta plain swamps, infaunal feeding and fungal degradation activities 
promote intense humification of plant litter. Plant tissues are gradually transformed with 
depth, through impregnation and precipitation of humic substances, leading to complete 
replacement and homogenization of cell wall polymers.
These highly transformed phytoclasts have lost their fluorescence properties. It is 
thus believed that accumulations of humified, non-fluorescing phytoclasts are 
potentially gas-prone kerogen, upon preservation of delta plain deposits in the 
subsurface.
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Key Parameters in the Accumulation of Hydrocarbon Source Rocks
Plant-bearing organic shales are significant source rocks in some Tropical Tertiary 
Basins of Southeast Asia, Australia, Africa, and South-America (Fleet and Scott, 1994). 
The Mahakam Delta has been a major fluvio-deltaic depocenter since the mid-Miocene, 
and is a significant hydrocarbon province in which oil and gas are mostly of humic 
origin (Paterson et al., 1997; Peters etal., 2000). The humid tropical climate and tidal 
processes are predicted to be of primary importance in the accumulation of such 
petroleum source rocks, as both have control on the production, transport, distribution, 
and preservation of sedimentary organic matter, as described below.
1) Humid tropical climate sustains luxuriant vegetation of high primary productivity, 
providing large leaf litter biomass through year-round leaf dehiscence (Jordan, 
1983).
2) Mangrove forests are the tropical equivalent of tidal salt marshes found in higher 
latitudes (Tomlinson, 1986). In contrast with their temperate counterpart, mangrove 
trees produce large amounts of leaves, which are dehisced and incorporated into 
deltaic system. Marshes, on the other hand, are composed of herbaceous vegetation 
that retain their aerial parts, undergo degradation in situ, and therefore contribute 
very little to channel and subtidal platform SOM (Scheihing and Pfefferkom, 1984).
3) Tidal currents shift large amounts of fallen leaves from the delta plain into the 
deltaic channel system. Consequently, plant litter is not left “rotting” on the forest 
floor, but is incorporated into subaquatic depositional environments (middle to 
lower reaches of fluvial distributaries, tidal channels, subtidal platform, and delta 
front).
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4) Mangrove and Nypa swamps form dense forests through which tidal flood currents 
are considerably retarded. As the vegetation covers most of the delta plain, extensive 
surfaces of the delta plain are flooded during high spring tides, causing the 
development of a large tidal prism, which accentuates ebb-tide flow asymmetry, 
strengthens ebb tide currents in tidal channels, and exports large amounts of organic 
debris into the sea.
5) Sedimentary organic matter is mainly derived from leaves, petioles, and other soft 
plant tissues, and is essentially composed of cellulose and hemicellulose. Unique 
geochemical conditions develop in the subaquatic deltaic sediments because of the 
vast input of organic matter; these conditions are conducive to preservation of labile 
molecules. Consequently, chemical and structural preservation of cellulosic plant 
fragments results, as revealed by their fluorescence properties. Because cellulose and 
hemicellulose molecules may have the chemical potential to be converted to oil 
upon thermal maturation, it is believed that cellulosic debris may be a major 
contributor in deltaic oil-prone source rocks.
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APPENDIX. TABLES OF DATA
SAMPLE X flaL ) : V (long.) Sand C aC 03 TOC , W ater Sam ple R esidn R eiidu
STATION L T M LTM depth depth in : >180 m e > 4 2 0  me
(50#) (M#) (51) (*=*> (wt. * ) On) core (cm) t / t  *ed- ! * /f  md-
123 523439 i 9937516 2.0 0.0 3.51 1 0.0051 0.00*7
122 527084 i 9936578 12.0 0.0 3.69 1 0.00*7 i 0.0026
27 527354 : 9900121 0.0 0.0 33.99 0 ,
18 528094 ' 9899620 42.0 0.0 2.92 ! 8 1 ! 0.0194 ! O.OI32
15 528240 9905746 61.0 0.0 ! 2.04 5 i 0.0121 0.0192
20 530309 : 9890476 2.0 20.0 1.96 ; 8 i 0.0037 ! 0.0012
D16-S1 530542 ! 9879834 0.8 20.0 ! 0.97 i 45 0.0000 i 0.0000
D16-S4 530555 . 9846152 0.0 47.5 i 0.52 i 61 0.0000 0.0000
D16-P10 530558 : 9887397 0.7 : i o . o 1.41 25 0.0000 ; 0.0000
D16-S3 530561 9853212 0.0 ! 30.0 0.68 60 0.0000 i 0.0000
D16-S2 530593 9862855 0.0 30.0 1 0.66 i 56 0.0000 0.0000
JS-35 530674 9835850 0.0 75.0 0.35 ! 60 | i i
121 530687 9935762 12.0 0.0 1.37 i 2 0.0030 i 0.0056
4 530878 I 9911387 99.0 0.0 0.68 i 6 ! 0.0007 I 0.0026
JS-25 532072 1 9837929 0.0 90.5 0.2 ! 54 i
5 532131 ! 9915880 99.0 0.0 i 0.6 i 5 0.0000 i 0.0000
6 532742 ! 9922795 99.0 0.0 I 0.6 11 1 0.0000 i 0.0001
8 533324 ; 9928373 99.0 0.0 ! 0.6 13 i 0.0000 I 0.0000
48 533457 : 9932515 0.0 ! 0.0 ! 3.06 1 7 i ! 0.0082 I 0.0073
7 533709 : 9925962 99.0 0.0 i 0.55 1 9 1 i 0.0002 i 0.0012
21 533785 1 990*143 2.0 i 0.0 I 2.02 1 7 j i 0.0073 i 0.0000
HWS-1/1 533873 1 9934633 0.0 ! 0.0 i 8.18 i 0 6 i
HWS-1/2 533873 1 9934633 2.0 ; o . o i 4.75 I 0 i 20 ! 0.0016 i 0.0000
HW S-l/6 533873 1 9934633 0.0 I 0.0 i 8.42 1 0 1 12 i 0.0112 ! 0.0000
HWS-1/7 533873 ! 9934633 2.0 i 0.0 ! 5.37 i 0 ' 18 0.0053 1 0.0000
28 533916 i 9911142 4.0 i 0.0 ! 2.01 6 1 0.0014 i 0.0003
120 534148 i 9936956 10.0 ! o.o i 1.84 3 1 0.0017 ! 0.0000
10 534449 \ 9920584 55.0 ! 0.0 j 2.09 10 i 0.0056 j 0.0068
12 535072 I 9914073 6.8 i 0.0 \ 2-15 7 i 0.0005 | 0.0000
23 535536 9907681 11.4 1 0.0 2.02 1.5 • 0.0049 0.0026
47 535761 9930337 10.0 I 0.0 2.99 4 0.0042 0.0012
24 536109 9907348 78.8 ! 0.0 2.22 11 . 0.0029 0.0054
ATCF 536234 9923357 0.0 i 0.0 29.9 0 15 0.0374 0.1339
PBFD 536365 9927210 0.5 i 0.0 7.41 0 22
13 536383 9910815 2.0 0.0 3.92 5 . 0.0014 0.0005
HWS-2/1 536441 9933058 26.0 0.0 3.06 o 10 0.0009 0.0000
HWS-2/3 536441 9933058 | 20.0 0.0 2.73 0 13 0.0008 0.0017
HWS-2T4 536441 9933058 i 16.0 0.0 2.81 0 18 0.0007 0.0006
HWS-2/2 536441 9933058 i 3.0 0.0 9.24 0 35 0.0190 0.0120
25 536777 9907091 I 8.0 0.0 2.3 3 ; 0.0013 0.0009
113 537513 9933963 | 2.0 0.0 3.29 12 ■ 0.0029 0.0045
4 6 537602 9929670 | 58.6 0.0 0.24 8 • 0.0024 0.0013
29 537910 9913855 | 12-5 0.0 1.33 2 i 0.0006 0.0000
NPI-A 537943 9935560 | 0.0 0.0 12.15 0 16
CBTD-1 538010 9912814 1 0.7 0.0 5.76 0 13 ! .
CBTD-3 538709 9911386 | 0.5 0.0 2.07 0 13 0.0021 0.0029
NPI-D 538731 9935527 I 0.0 0.0 11.09 0 15 i .
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H W S - V l 5 3 9 3 3 5 : 9 9 3 2 0 1 1 i 0 5 0 . 0 1 1 . 2 9 0 5 0 . 0 3 2 3 0 . 0 4 2 2
H 3 V S - V 2 5 3 9 3 3 5 1 9 9 3 2 0 1 1 0 . 0 0 . 0 7 . 7 6 0 5 0 0 . 0 1 4 4 0 . 0 2 1 9
1 1 2 5 3 9 4 4 8 9 9 3 4 8 4 5 5 . 0 0 . 0 3 . 1 3 4 . . 0 . 0 0 6 7 0 . 0 0 1 3
4 5 5 3 9 7 8 3 9 9 2 7 6 6 9 8 5 . 0 0 . 0 0 . 3 5 8 5 0 . 0 0 1 0 0 . 0 0 2 1
3 0 5 4 0 5 6 3 9 9 1 0 0 8 5 2 5 . 7 0 . 0 1 1 . 3 4 6 0 . 0 0 1 1 0 . 0 0 0 0
1 1 9 5 4 1 2 5 4 9 9 3 7 7 9 0 0 . 0 0 . 0 4 . 7 3 5 0 . 0 0 2 4 0 . 0 0 1 8
5 4 5 4 1 3 9 7 9 9 3 1 5 6 8 9 . 8 0 . 0 4 . 9 2 1 7 0 . 0 0 1 2 0 . 0 0 0 0
1 1 1 5 4 1 4 8 0 9 9 3 4 6 5 4 8 . 7 0 . 0 2 . 4 . 1 4 0 . 0 0 6 4 0 . 0 0 4 8
D l - S l 5 4 1 8 0 9 9 8 8 2 1 0 5 1 - 7 1 6 . 7 0 . 9 6 4 7 .
3 3 5 4 2 4 9 3 9 9 0 5 9 1 3 i 2 . 0 ! 0 . 0 2 . 9 9 1 5 0 . 0 0 1 5 0 . 0 0 0 1
L B I - B 5 4 2 7 3 1 ! 9 9 3 7 4 5 4 , 0 . 0 0 . 0 1 1 . 6 6 0 1 3 0 . 0 1 4 9 0 . 0 1 0 0
4 4 5 4 3 1 2 1 9 9 2 3 4 2 6 ! 6 7 . 1 0 . 0 1 . 1 3 1 5 0 . 0 0 1 9 0 . 0 0 2 6
3 4 5 4 3 2 9 7 • 9 9 0 5 6 2 2 6 2 . 0 0 . 0 0 . 8 7 2 0 . 0 0 1 4 0 . 0 0 3 9
5 0 5 4 3 7 4 5 i 9 9 2 7 0 4 6 ! 6 . 6 0 . 0 2 . 7 8 1 5 0 . 0 0 5 8 0 . 0 0 1 1
3 5 5 4 4 0 3 7 ; 9 9 0 5 3 7 1 3 4 . 0 ; o . o 1 . 7 2 1 3 5 0 . 0 0 1 3 0 . 0 0 0 0
3 6 5 4 4 1 1 8 9 9 0 3 1 8 2 8 5 . 0 0 . 0 0 . 8 3 0 . 0 0 0 2 0 . 0 0 0 2
4 9 5 4 4 1 7 2 9 9 2 8 8 2 1 3 7 5 0 . 0 3 5 4 4 0 . 0 1 0 5 0 . 0 0 8 5
I B - 2 / 1 5 4 4 5 0 9 9 9 2 4 6 8 0 0 5 0 . 0 4 5 6 0 5
I B - 2 / 2 5 4 4 5 0 9 9 9 2 4 6 8 0 0 . 0 : o . o 8 . 2 4 ; o 3 2 0 . 0 1 0 1 0 . 0 4 0 5
J S - 2 4 5 4 4 6 0 0 9 8 4 2 7 8 8 0 . 0 4 0 . 0 0 . 4 5 6 9 .
7 5 5 4 4 8 5 9 9 9 3 2 8 5 5 2 8 . 0 0 . 0 8 . 9 4 ! 4 0 . 0 3 7 2 0 . 0 8 1 1
S 3 5 4 5 6 6 4 9 9 2 8 6 8 9 1 6 . 0 0 . 0 2 . 9 ; 2 . 0 . 0 0 6 6 0 . 0 0 4 3
5 2 5 4 5 6 7 4 9 9 2 9 1 7 9 1 4 . 0 0 . 0 4 . 3 8 i 1 6 0 . 0 0 1 4 0 . 0 0 0 3
5 1 5 4 5 6 9 6 9 9 2 9 6 7 3 4 . 0 0 . 0 2 . 0 9 | 3 0 . 0 0 3 3 0 . 0 0 2 5
7 4 5 4 5 8 9 0 9 9 3 1 7 5 6 1 1 . 0 0 . 0 4 . 2 8 i 1 3 0 . 0 0 3 6 0 . 0 0 4 0
D T C - l / I 5 4 6 3 4 9 9 9 3 3 3 6 2 1 . 0 0 . 0 9 . 6 3 0 5 .
D T C - 1 / 2 5 4 6 3 4 9 9 9 3 3 3 6 2 0 5 0 . 0 8 . 1 9 0 8 9 0 . 0 2 3 1 0 . 0 2 7 1
C B T D - 9 5 4 6 9 8 8 9 9 4 1 2 5 4 0 . 0 0 . 0 1 3 . 1 1 0 9 0 . 0 1 6 3 0 . 0 3 5 8
C B T D - 8 / 1 5 4 7 4 6 8 9 9 4 0 5 8 2 0 . 0 0 . 0 6 . 8 7 0 1 2 0 . 0 1 4 3 0 . 0 1 9 7
C B T D - 8 / 2 5 4 7 4 6 8 9 9 4 0 5 8 2 0 5 0 . 0 1 8 . 1 7 0 4 5 0 . 0 1 1 8 0 . 0 1 4 2
6 5 5 4 7 5 4 8 9 9 2 0 4 2 0 9 5 . 7 0 . 0 0 . 1 6 4 5 . 0 . 0 0 0 2 0 . 0 0 2 2
9 5 S 4 8 3 6 4 9 9 5 7 3 2 2 5 8 . 0 0 . 0 2 . 3 1 1 1 ■ 0 . 0 0 0 9 0 . 0 0 7 6
D 1 - S 2 5 4 8 4 6 5 9 8 7 0 4 6 0 1 . 0 2 0 . 0 0 . 7 7 5 6 0 . 0 0 0 0 0 . 0 0 0 0
7 6 5 4 8 6 6 9 9 9 4 3 7 5 8 9 8 . 3 0 . 0 0 . 0 9 4 0 . 0 0 0 0 0 . 0 0 0 0
1 0 8 5 4 8 8 7 3 9 9 4 7 3 6 1 3 4 . 0 0 . 0 0 . 6 6 1 2 0 . 0 0 0 2 0 . 0 0 4 0
I B - 5 5 4 9 0 4 9 9 9 3 4 2 2 9 1 . 0 0 . 0 4 . 6 7 0 3
1 1 5 5 4 9 6 6 2 9 9 7 0 0 1 9 9 . 0 2 5 . 0 0 . 7 5
1 1 8 5 4 9 7 3 0 9 9 7 7 4 4 1 4 3 . 0 3 5 . 0 0 . 1 8 1 5
9 4 5 4 9 8 9 3 9 9 4 1 1 1 5 8 . 0 0 . 0 2 . 9 5 5 0 . 0 0 2 4 0 . 0 0 1 3
I B - 3 5 5 0 3 8 7 9 9 1 8 3 5 4 1 . 0 0 . 0 3 . 7 7 0 3
9 7 5 5 0 4 0 1 9 9 6 2 8 0 2 1 8 . 0 0 . 0 2 . 9 7 2 . 0 . 0 0 2 1 0 . 0 0 1 7
I B - 4 5 5 0 4 4 7 9 9 2 7 9 9 4 5 . 0 0 . 0 5 . 4 1 0 1 4 0 . 0 1 8 6 0 . 0 1 7 5
1 0 7 5 5 0 5 6 6 9 9 5 1 6 4 3 3 0 . 0 0 . 0 1 5 7 2 • 0 . 0 0 0 5 0 . 0 0 0 0
6 4 5 5 0 9 6 2 9 9 1 7 3 7 4 7 4 . 0 0 . 0 0 . 6 5 5 0 . 0 0 1 6 0 . 0 0 2 4
5 5 5 5 0 9 7 4 9 9 2 4 1 3 0 1 5 . 0 0 . 0 2 . 0 7 2 . 0 . 0 0 1 9 0 . 0 0 0 5
9 8 5 5 1 0 2 5 9 9 6 6 4 8 2 3 . 0 4 0 . 0 0 . 8 9 4 5 i - i
D T C - 2 5 5 1 0 8 3 9 9 1 9 0 1 9 0 . 0 o © 3 . 8 8 0 . 1
D T C - 3 5 5 1 3 2 5 9 9 2 6 5 4 4 3 . 0 0 . 0 3 . 6 6 0 9 0 . 0 0 4 8 0 . 0 0 6 4
7 7 5 5 1 7 8 3 9 9 4 5 6 4 9 3 5 . 0 0 . 0 5 . 8 9 1 1 • 0 . 0 2 5 0 0 . 0 8 5 7
D T C - 4 5 5 1 9 7 0 9 9 3 7 2 5 9 0 . 0 0 . 0 8 . 4 5 0 8 0 . 0 2 8 9 0 . 0 2 7 7
P B T D - 2 5 5 2 0 9 2 9 9 1 9 6 8 4 0 . 0 0 . 0 2 . 4 5 0 5  • .  1
3 7 5 5 2 2 7 8 9 9 0 2 2 8 7 5 0 . 0 1 5 . 0 1 . 7 6 2 5 ■ I .  I .
7 1 5 5 2 2 9 4 9 9 3 0 8 8 9 1 2 . 0 0 . 0 1 . 6 1 1 ! 0 . 0 0 2 0 0 . 0 0 0 3
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7 8 5 5 2 3 0 1 i 9 9 4 6 3 2 8 i 2 7 . 5 0 . 0 ! 1 - 5 3 1 4 0 . 0 0 6 1 0 . 0 0 2 7
9 9 5 5 2 3 7 7 i 9 9 7 2 9 7 9 i l . o I 1 4 . 3 i 1 . 6 5 5 .
1 1 6 5 5 2 6 3 2 . 9 9 8 7 3 4 6 6 6 . 0 ; 1 4 / 3 i 0 . 2 5 3 1
D T C - 6 5 5 2 6 3 6 i 9 9 5 1 8 3 1 1 . 0 : 0 . 0 i 5 . 4 5 ! 0 1 3 ! 0 . 0 0 6 2 0 . 0 0 8 0
1 0 5 5 5 3 4 8 8 9 9 5 6 8 9 1 6 8 . 3 i 0 . 0 i 1 7 8 1 . 5 1 0 . 0 0 1 4 0 . 0 0 1 7
D 1 - S 3 5 5 3 6 7 0 9 8 6 2 1 8 8 0 . 0 i 2 5 . 0 0 . 6 6 , 6 0 ! ! 0 . 0 0 0 0 0 . 0 0 0 0
5 6 5 5 3 8 0 2 9 9 2 1 6 4 8 1 5 . 0 : o . o 2 . 6 6 ! 3 i 0 . 0 0 2 7 0 . 0 0 3 2
9 3 5 5 4 0 0 1 9 9 4 2 6 3 2 . 1 - 0 0 . 0 4 1 ! 0 . 0 0 0 7 0 . 0 0 0 2
5 7 5 5 4 4 0 3 ; 9 9 2 2 3 8 1 6 3 . 8 ! o . o 0 . 6 1 ! 5 ! 0 . 0 0 2 0 ' 0 . 0 0 3 0
9 2 5 5 4 5 1 5 ; 9 9 4 2 2 6 4 9 9 . 0 ; o . o 0 . 0 6 i 3 ; 0 . 0 0 0 1 0 . 0 0 0 0
1 0 4 5 5 4 8 5 0 ! 9 9 6 1 9 0 4 I 9 . 8 ! o . o 4 . 1 5 i 5 r 0 . 0 0 7 6 i 0 . 0 0 1 3
6 3 5 5 4 9 9 2 i 9 9 1 7 1 5 7 1 3 2 - 5 1 0 . 0 ' 2 - 1 1 1 8 i ' 0 . 0 0 5 2 0 . 0 0 9 9
7 9 5 5 5 3 9 7 9 9 4 9 2 3 8 2 1 . 0 ! 0 . 0 ! 1 - 2 i 6 1 1 0 . 0 1 2 1 0 . 0 0 6 6
P B T D - 3 5 5 5 5 6 4 : 9 9 1 3 3 1 6 ! 0 . 0 1 0 . 0 ! 2 - 3 ; o 1 3
6 9 5 5 5 7 0 9 9 9 2 9 2 9 1 2 0 . 0 j 0 . 0 i 2 . 7 5 • 1 8 i 0 . 0 0 4 4 0 . 0 1 6 7
I B - 6 / 1 5 5 5 7 7 7 1 9 9 3 1 3 5 1 0 . 0 0 . 0 I 3 . 5 2 0 ! 2 i 0 . 0 1 0 7 : 0 . 0 0 9 3
I B - 6 / 2 5 5 5 7 7 7 i 9 9 3 1 3 5 1 ! 3 . 0 0.0 ! 3 - 2 ! o 1 3 j 0 . 0 0 6 0 1 0 . 0 0 4 7
D 1 5 - S 1 5 5 5 8 1 6 ! 9 9 8 3 3 3 5 ! 6 . 7 ! 2 0 . 0 ! 0 . 7 9 2 7 0 . 0 0 0 0 0.0000
D 2 - S 1 5 5 6 0 3 2 ! 9 8 8 8 1 4 3 1 . 3 i 1 1 . 9 1 . 0 8 i 3 9 . 0.0000 ; 0 . 0 0 0 0
100 5 5 6 4 4 0 ! 9 9 7 9 9 0 6 0 . 0 ! 1 9 . 0 | 1 . 0 4 ! 2 5 ! 0.0000 0 . 0 0 0 0
D 1 - S 4 5 5 6 7 1 5 i 9 8 5 6 5 2 6 ! 0 . 0 ! 2 5 . 0 ! 0 . 5 7 ! 6 5 0 . 0 0 0 0 1 0 . 0 0 0 0
D T C - 5 5 5 6 9 2 6 9 9 4 6 3 2 5 0 . 0 0 . 0 3 . 1 5 1 o 1 1 i 0 . 0 0 2 3 0 . 0 0 5 0
NYPA 5 5 7 0 0 0 ; 9 9 2 9 5 8 6 i 2 . 0 0 . 0 i 3 . 4 5 ! o . ! 0 . 0 0 7 4 i 0 . 0 0 5 5
C B T D - I 1 5 5 7 4 3 9 9 9 5 2 5 8 5 0 . 0 0 . 0 8 . 3 6 : o 1 1 0 . 0 1 7 1 i 0 . 0 2 8 4
6 2 5 5 7 6 5 2 9 9 1 3 8 5 5 i 2 8 . 0 0 . 0 2 . 3 1 ! 2 . i 0 . 0 1 0 6 | 0 . 0 1 9 2
C B T D - 1 2 5 5 8 2 4 2 9 9 5 3 1 2 3 0 . 0 0 . 0 5 . 3 6 0 1 1 0 . 0 0 8 8 0 . 0 0 5 0
C B T D - 1 3 5 5 8 4 1 4 9 9 5 3 9 7 2 0 . 0 0 . 0 6 . 6 1 0 1 3 i 0 . 0 1 3 4 0 . 0 1 8 6
102 5 5 8 7 9 9 9 9 7 0 3 7 0 7 0 . 0 5 . 0 0 - 2 7 2 . 0 . 0 0 0 1 0 . 0 0 0 3
5 8 5 5 9 0 8 0 9 9 1 9 8 8 4 1 1 . 8 0 . 0 3 . 9 8 I . 0 . 0 0 6 5 0 . 0 0 6 5
C B T D - 1 4 5 5 9 1 9 4 9 9 5 4 3 3 4 0 . 7 0 . 0 2 . 8 0 1 2 0 . 0 0 3 0 0 . 0 0 0 0
1 1 7 5 5 9 4 3 0 1 0 0 0 0 0 0 3 0 . 0 5 . 0 0 . 6 1 1 2 - 0 . 0 0 0 0 0 . 0 0 0 0
9 1 5 5 9 4 3 2 9 9 4 5 1 3 8 5 2 . 0 0 . 0 0 . 5 2 6 . 0 . 0 0 0 7 0 . 0 0 0 4
8 0 5 5 9 4 7 5 9 9 5 2 2 8 9 2 3 . 3 0 . 0 1 . 4 8 4 . 0 . 0 0 7 3 0 . 0 1 8 3
D 1 - S 5 5 6 1 0 5 5 9 8 4 9 1 8 7 3 . 0 5 . 0 1 . 7 8 1 2 0 • 0 . 0 0 2 7 0 . 0 0 0 0
101 5 6 1 3 0 6 9 9 7 3 1 9 4 0.0 1 0 . 0 1 . 8 4 2 8 - 0 . 0 0 0 3 0.0000
68 5 6 1 3 6 6 9 9 2 6 5 4 4 2 3 . 1 0.0 2 - 3 8 5 . 5 • 0 . 0 0 2 9 0 . 0 0 4 3
D 2 - S 2 5 6 1 5 2 7 9 8 8 1 4 1 2 0.0 1 0 . 0 1 . 0 5 5 0 . 0.0000 0.0000
JS-20 5 6 2 0 4 9 9 9 7 0 2 5 2 0 . 5 1 5 . 0 2 . 3 1 0 • .
81 5 6 2 1 9 0 9 9 5 5 2 7 8 9 6 . 7 0.0 0 . 0 9 1 0.0000 0.0000
J S - 2 I 5 6 3 0 3 3 9 9 7 1 4 2 3 0.0 1 5 . 0 2 . 3 1 2 0 ! .  i -
6 1 5 6 3 6 0 0 9 9 1 2 3 3 2 3 4 . 8 0.0 2 - 2 5 3 1 .  1
D D 8 / 2 5 6 4 0 1 8 9 9 3 8 7 6 3 0.0 0.0 9 . 2 8 0 20 i .  |
D D 8 / 1 5 6 4 0 1 8 9 9 3 8 7 6 3 0.0 0.0 1 5 . 9 4 0 5  ! .  i -
J S - 1 1 5 6 4 5 4 9 9 9 9 5 7 9 8 0.0 1 5 . 0 0 . 7 6 4 0 0.0000 0.0000
J S - 2 2 5 6 5 0 2 8 9 9 7 4 8 8 4 0 . 4 1 5 . 0 1 . 1 8 4 1 . 0.0000 0.0000
88 5 6 5 6 2 8 9 9 4 6 6 7 9 1 4 . 0 0.0 3 . 3 4 4 . 0 . 0 0 1 3 0.0012
D D 1 5 6 5 7 2 4 9 9 1 7 6 2 4 0 . 5 0.0 6 . 1 3 0 1 3 • 1
89 5 6 6 3 0 8 9 9 4 8 4 4 1 5 . 0 0.0 2 6 . 5 0 . 0 . 1 0 2 5 0 . 0 6 6 0
DEM-A/1 5 6 6 4 6 0 9 9 1 4 1 9 0 0.0 0.0 1 0 . 1 2 0 1 2 0 . 0 1 1 3 0 . 0 1 7 7
DIM -A/2 5 6 6 4 6 0 9 9 1 4 1 9 0 0.0 0.0 2 2 . 9 5 0 2 5 • 1 •
D3-S1 5 6 6 4 7 2 9 8 9 4 8 1 7 0.0 5 . 0 1 . 4 8 3 9 . .
DD2/2 5 6 6 5 9 0 9 9 1 7 0 9 7 0 . 7 0.0 1 0 . 7 7 0 2 5
D D 2 / 1 5 6 6 5 9 0 9 9 1 7 0 9 7 0.0 0.0 3 3 . 0 2 ___0 1 3 0 . 0 9 2 4 0 . 4 2 3 3
3 4 4
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D 1 5 - S 3 5 6 7 4 1 5 9 9 9 9 5 5 4 0 . 0 2 0 . 0 0 . 6 2 5 9  . 0 . 0 0 0 0 0 . 0 0 0 0
J S - 1 9 5 6 7 5 7 3 9 9 6 5 1 1 1 ■ 0 . 1 ■ 1 2 . 5 ! 2 - 2 6 8  ! .
D D 5 / 2 5 6 7 9 3 6 9 9 5 2 4 7 7 0 . 0 0 . 0 6 . 2 8 0 ; 25 0 . 0 0 6 3 0 . 0 0 3 6
D D 5 / 1 5 6 7 9 3 6 : 9 9 5 2 4 7 7 0 . 0 0 . 0 4 5 . 7 4 i 0 2 0 i 0 . 0 8 9 7 0 . 7 3 7 7
D 2 - S 3 5 6 8 0 9 5 ' 9 8 7 4 1 8 6 0 . 0 1 3 0 . 0 I 0 . 7 1 6 7  : 0 . 0 0 0 0 0 . 0 0 0 0
D D 6 5 6 8 3 1 7 1 9 9 5 1 7 1 1 0 . 0 1 0 . 0 ' 2 3 . 5 4 0 1 3 0 . 0 6 1 3 0 . 1 9 1 4
6 0 5 6 8 8 0 8 ' 9 9 1 3 8 9 8 0 . 0 1 9 . 5 2 . 9 8 i 2  ' ;
P 1 0 - S 4 5 6 9 2 1 4 9 8 6 1 1 9 8 i 0 . 0 2 5 . 0 0 . 6 4 9 5 I 0 . 0 0 0 0 0 . 0 0 0 0
8 3 5 6 9 3 2 8 ! 9 9 6 3 3 8 3 2 . 0 : 1 7 . 5 : i . 6 8 ! 2 3  I ;
J S - 1 8 5 6 9 4 7 4 I 9 9 6 6 5 3 2 0 . 0 i 1 5 . 0 ! 2 . 6 8 ! 2 8  ! i :
J S - 3 7 5 6 9 6 5 8 ! 9 9 0 3 8 3 4 ! 0 . 7 5 . 0 ! 2 . 4 5 2 1  i
D 3 - S 2 5 7 0 4 7 4 ! 9 8 9 1 8 5 6 1 1 . 0 ' 1 2 . 5 1 . 0 2 | 4 9  ! i
J S - 1 7 5 7 1 2 4 8 i 9 9 6 7 7 3 3 i 1 . 0 1 0 . 0 ; 1 . 4 6 ! 4 0 !
8 6 5 7 1 3 4 2 : 9 9 4 8 3 0 9 1 8 1 . 0 ; 2 0 . 0 0 . 0 6 ! 2
D 4 - S 1 5 7 1 6 0 2 ! 9 9 0 2 2 3 3 ; 0 . 0 : 2 0 . 0 1 . 2 4 3 9  i i 0 . 0 0 0 0 0 . 0 0 0 0
J S - 5 0 5 7 2 2 0 2 ! 9 9 0 7 9 7 5 0 . 7 • 1 0 . 0 i 1 . 9 3 3 5  i 0 . 0 0 0 0 0 . 0 0 0 0
J S - 1 3 5 7 2 5 3 0 ! 1 0 0 0 9 8 3 0 0 . 0 ; 6 7 . 5 i 0 . 3 6 i 170 ; 0 . 0 0 0 0 0 . 0 0 0 0
D 2 - S 4 5 7 3 4 5 5 9 8 6 7 8 9 4 0 . 0 4 0 . 0 0 5 7 9 4  j 0 . 0 0 0 0 0 . 0 0 0 0
J S - 4 9 5 7 4 1 1 8 9 9 0 6 4 1 1 3 . 0 1 0 . 0 1 Z 9 ! 4 3  ; 1
J S - 4 3 5 7 4 3 9 6 9 9 5 1 7 9 6 ; 0 . 7 : 4 . 9 i 2 - 5 9 ! u  ! I
D 5 - S I 5 7 4 4 8 4 9 9 1 0 9 9 3 0 . 0 • 1 5 . 0 1 1 . 9 5 i 37 : i1
J S - 4 2 5 7 5 3 2 7 9 9 5 2 0 2 4 0 . 0 5 . 0 2 . 2 3 2 0  i 1
J S - 4 1 5 7 6 1 9 8 9 9 5 2 2 5 0 0 . 0 ; 1 2 . 5 2 . 0 5 i 3 0  ! ; -
D 3 - S 3 5 7 6 2 0 6 9 8 8 7 9 7 5 0 . 0 3 0 . 0 0 . 6 6 ! 6 8  | i 0 . 0 0 0 0 0 . 0 0 0 0
J S - 1 5 5 7 6 6 3 6 9 9 7 0 8 5 5 2 . 0 9 . 8 0 . 8 9 1 5 5  I 0 . 0 0 0 0 0 . 0 0 0 0
D 4 - S 2 5 7 6 8 3 2 9 8 9 8 6 0 6 0 . 0 2 5 . 0 0 . 6 7 6 2  i 0 . 0 0 0 0 0 . 0 0 0 0
D 9 - S 1 5 7 7 7 4 3 9 9 4 2 2 9 9 1 . 7 5 . 0 1 Z 5 5  i 0 . 0 0 0 0 0 . 0 0 0 0
D 8 - S 1 5 7 8 5 6 1 9 9 3 1 2 8 6 0 . 2 2 0 . 0 2 . 0 1 5 5 ! 0 . 0 0 0 0 0 . 0 0 0 0
D 1 0 - S 2 5 7 9 2 7 4 9 9 5 3 2 8 4 Z 9 1 0 . 0 0 . 9 6 6 9 | 0 . 0 0 0 0 0 . 0 0 0 0
J S - 3 3 5 7 9 3 4 3 9 9 0 4 4 4 4 0 . 0 4 7 5 0 . 6 6 67 i 0 . 0 0 0 0 0 . 0 0 0 0
D 5 - S 2 5 8 0 2 1 0 9 9 0 7 6 2 0 0 . 0 3 4 . 8 0 . 7 1 6 6  1 0 . 0 0 0 0 0 . 0 0 0 0
D 4 - S 3 5 8 0 8 1 9 9 8 9 5 8 2 0 0 . 0 4 0 . 9 0 5 3 7 4  | 0 . 0 0 0 0 0.0000
D 8 - S 2 5 8 1 6 8 1 9 9 3 0 9 4 7 0 . 2 2 6 . 8 0 . 7 2 7 2  1 0 . 0 0 0 0 0.0000
D 9 - S 2 5 8 2 3 7 8 9 9 4 2 0 8 8 0 . 3 1 2 . 5 1 . 0 5 6 5  i 0 . 0 0 0 0 0 . 0 0 0 0
D 3 - S 4 5 8 3 2 9 3 9 8 8 2 7 9 2 0 . 0 7 3 Z 0 5 5 8 5  | 0 . 0 0 0 0 0 . 0 0 0 0
D 5 - S 3 5 8 5 7 7 7 9 9 0 4 4 3 3 0 . 0 6 1 . 9 0 . 4 9 7 4 0 . 0 0 0 0 0.0000
D I O - S 3 5 8 6 1 8 7 9 9 5 5 5 1 3 0 . 0 8 0 . 0 O Z 6 5 0.0000 0 . 0 0 0 0
D I 2 - P 2 0 5 8 7 7 8 5 9 9 7 6 7 9 7 0 . 0 6 5 . 0 0 . 4 7 6 0  | 0 . 0 0 0 0 0 . 0 0 0 0
D 8 - S 3 5 8 8 2 0 4 9 9 3 0 3 5 9 0 . 2 6 7 5 0 . 3 2 6 0  j 0.0000 0 . 0 0 0 0
D 4 - S 4 5 8 8 8 0 2 9 8 9 0 5 8 8 0 . 0 6 6 . 7 0 . 3 5 9 1  ! 0 . 0 0 0 0 0 . 0 0 0 0
D 9 - S 3 5 8 8 9 6 5 9 9 4 2 4 3 3 0 . 0 3 5 . 0 0 . 6 9 5 9  | 0 . 0 0 0 0 0 . 0 0 0 0
D 1 2 - S 4 5 9 1 5 5 2 9 9 7 8 6 8 4 0 . 0 6 0 . 0 0 . 3 6 1 8 0  j 0 . 0 0 0 0 0 . 0 0 0 0
D S - S 4 5 9 4 4 2 3 9 8 9 9 5 4 1 0 . 0 9 7 . 7 O Z 9 3  | 0 . 0 0 0 0 0 . 0 0 0 0
D 6 - S 4 5 9 5 2 2 7 9 9 0 8 7 7 3 0 . 0 9 8 . 7 O Z 7 7  1 0 . 0 0 0 0  j 0 . 0 0 0 0
D 8 - S 4 5 9 7 5 9 8 9 9 2 9 3 1 3 o z 8 6 . 1 O Z 7 0  i 0 . 0 0 0 0  i 0 . 0 0 0 0
J S - 2 8 5 9 9 4 9 1 9 9 4 5 5 5 4 0 . 0 7 8 . 0 0 . 2 3 9 8  i 0 . 0 0 0 0  j 0 . 0 0 0 0
J S - 3 9 6 0 0 0 5 0 9 9 6 0 5 6 6 0 . 0 9 0 . 5 O Z 9 0  | 0.0000  ! 0 . 0 0 0 0
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SAM PLE N am bcr P o lka Spore F a a p l M w - F o n u n i Copcpod Scole- TinthMo-
STATION palynoaiorpti spore cvst i li«in£ ess codont Moiph
counted 1 * ) (9c) (9c) (9c) (9c) (9c) < T c ) 1 * )
123 4 5 9 1 7 . 2 2 9 . 6 5 2 . 7 0.0 0.0 0.0 0 . 4 0 . 0
122 3 1 4 1 2 . 7 2 0 . 7 6 6 . 6 0.0 0.0 0 . 0 0 . 0 0 . 0
27 3 8 7 . 9 4 7 . 4 4 4 . 7 0.0 0 . 0 ; o . o 0 . 0 0 . 0
18 2 5 7 1 5 . 6 4 4 . 0 3 8 . 1 0.0 1 . 9 0 . 4 0 . 0 0 . 0
1 5 2 1 6 3 9 . 4 2 6 . 4 ! 3 4 . 3 0.0 0 . 0 0 . 0 0 . 0 0 . 0
20 2 1 7 3 2 . 3 3 2 5 3 1 . 3 0.9 1 . 4 1 0 5 ; 0 5 0.9
D16-S1 3 7 8 1 4 . 0 1 6 . 4 ! 1 3 2 0 5 3 3 . 9 i 2 0 . 6 ' 0 5 0.8
D16-S4 4 3 9 3 . 6 8 . 0 2 0 5 0 2 5 4 . 9 1 2 . 1 0 2 0 5
D16-P10 2 5 2 1 9 . 4 5 0 . 0 2 6 . 6 0 . 0 2 0 ! 2 0 0 . 0 0 . 0
D16-S3 2 4 7 4 . 9 1 0 . 5 ! 6 5 3 2 5 5 5 1 9 . 0 0 . 0 0.4
D16-S2 2 0 8 6 . 7 1 9 - 2 I 9 . 1 1 . 9 i 3 3 . 7 2 8 . 8 : o . o 0 5
JS-35 240 1 3 . 8 3 7 . 5 1 0 . 8 2 1 ! 2 5 . 8 8 . 3 ; i . 3 0 . 4
121 3 0 3 1 3 . 5 2 8 . 7 5 7 . 8 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
4 63 2 7 . 0 3 6 . 5 3 6 5 i 0 . 0 ! o . o i 0 . 0 0 . 0 ! 0 . 0
JS-25 1 7 4 4 . 0 1 7 2 5 . 2 i 1 . 1 6 4 . 4 i 7 5 0 . 0 0 . 6
5 1 1 1  i 4 8 . 6 3 1 . 5 1 9 . 8 i 0 . 0 i 0 . 0 ! o . o 0 . 0 0 . 0
6 1 9 9 5 1 . 3 2 3 . 6 1 9 . 6 i 0 5 0 . 0 ! 0 . 0 ! o . o 5 . 0
8 8 4 2 7 . 4 2 9 . 8 4 2 . 9 0 . 0 0 . 0 ! 0 . 0 0 . 0 0 . 0
48 3 4 5 6 . 1 3 2 . 8 1 6 1 2 0 . 0 0 . 0 : 0 . 0 ; o . o 0 . 0
7 3 1 3 2 9 . 4 1 8 2 ! 5 2 . 1 i 0 . 0 i 0 . 0 0 . 0 i 0 . 3 1 0 . 0
2 1 2 6 0 4 0 . 8 2 0 . 8 3 8 5 j o . o ! 0 . 0 0 . 0 0 . 0 i 0 . 0
H W S - l / l 464 ! 20.0 6 5 . 1 ! 1 4 . 9 ! o . o i 0 . 0 0 . 0 0 . 0 ! 0 . 0
m v s - i /2 5 4 2  I 1 4 . 2 8 4 . 5 ; i . 3 i 0 . 0 1 0 . 0 i 0 . 0 I 0 . 0 i 0 . 0
H W S - l / 6 4 6 3  j 1 4 . 7 6 9 . 3 1 6 . 0 ! 0 . 0 | 0 . 0 ! o . o ! 0 . 0 1 0 . 0
H W S - 1 / 7 5 9 2  i 6 . 8 8 7 . 2 i 5 . 9 ! 0 . 0 ! o . o I 0 . 0 i 0 2 : 0 . 0
28 3 2 6 1 9 . 3 1 5 . 3 1 6 5 . 3 i 0 . 0 i 0 . 0 ' 0 . 0 ; 0 . 0 I 0 . 0
120 3 5 3  ! 8 5 2 3 5 I 6 8 . 0 ! 0 . 0 |  0 . 0 \ 0 . 0 i 0 . 0 1 0 . 0
10 2 4 3  I 2 7 . 6 1 2 . 8 ! 5 9 . 7 : 0 . 0 I 0 . 0 0 . 0 0 . 0 i 0 . 0
12 3 2 3  ! 1 2 . 7 2 1 . 7 ! 6 5 . 3 0 . 0 1 0 . 3 0 . 0 0 . 0 ! o . o
23 2 7 8  ; 1 4 . 4 2 5 3 6 0 . 1 0 . 0 I 0 . 0 0 . 0 0 . 0 0 . 0
47 3 6 6 8 . 2 2 3 2 6 8 . 6 0 . 0 i 0 . 0 0 . 0 0 . 0 0 . 0
24 1 8 5 1 4 . 6 2 1 . 1 6 4 . 3 0 . 0 ! o . o 0 . 0 0 . 0 0 . 0
A T C F 1 5 0  ! 2 2 . 0  ! 4 4 . 0 3 4 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
PBFD 3 0 5  1 1 6 . 4  j 2 1 . 6 6 2 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 3 3 0 8  j 3 9 . 9 2 2 . 1 3 7 . 7 0 . 3 0 . 0 0 . 0 0 . 0 0 . 0
H W S - 2 / 1 4 7 8  | 12.8 1 8 5 . 6 1 . 7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
H W S - 2 / 3 4 8 3  ! 1 4 . 9  i 8 2 . 8 2 3 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
H W S - 2 / 4 4 2 8  i 1 6 . 4  | 7 6 2 7 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
H W S - 2 / 2 2 9 6 1 5 . 2  ! 2 0 . 3 6 4 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
2 5 1 8 7  | 1 9 . 8  ! 3 3 . 7 4 6 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 1 3 2 5 4  ! 12.2 | 2 4 . 4 6 3 . 4 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
4 6 2 0 6  ; 1 4 . 6  I 2 0 . 4 6 5 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
2 9 2 5 1  | 1 5 . 9  | 2 9 5 5 4 . 6 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
NPI-A 1 4 7  | 2 3 . 8  I 5 2 . 4 2 3 . 8 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
C B T D - 1 333 ! 8 . 4  I 1 6 5 7 5 . 1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
C B T D - 3 2 6 0  ; 1 3 . 5  | 4 2 . 7 4 3 . 8 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
NPI-D 2 2 2  ! 2 7 . 0  J 5 8 . 1 1 4 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
H W S - V 1 2 2 9  | 1 7 . 9  | 3 1 . 4 5 0 . 7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
H W S - 3 / 2 4 1 5  I 8 . 9  i 2 0 . 0 71 .1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 1 2 3 2 8  ! 9 . 1  1 2 4 . 4 6 6 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
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4 5 2 1 9 1 2 . 8 2 6 . 0 ' 6 1 - 2 0 . 0 0 . 0 ! 0 . 0 0 . 0 0 . 0
3 0 2 5 3 1 3 . 4 . 2 8 . 1 5 8 . 5 0 . 0 0 . 0 t 0 . 0 0 . 0 0 . 0
1 1 9 2 7 ! 1 8 . 1 ■ 6 2 . 7 1 9 a 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
5 4 2 5 5 1 4 . 1 233 ! 6 0 . 4 0 . 0 0 . 0 0 . 0 ! 0 . 0 0 . 0
1 1 1 2 5 3 1 3 . 4 2 5 . 3 i 6 1 . 3 0 . 0 0 . 0 ! o . o 0 . 0 0 . 0
D l - S l 1 4 6 1 3 . 0 2 2 . 6 2 3 . 3 2 . 1 19a ; 1 8 . 5 ! 0 . 7 0 . 7
3 3 2 6 8 1 3 . 1 3 2 . 1 5 4 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
L B I - B 3 4 1 1 1 . 7 4 3 . 1 4 5 . 2 0 . 0 0 . 0 0 . 0 0 . 0 : o . o
4 4 2 6 2 1 2 - 2 i 2 6 . 7 6 1 . 1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
3 4 2 0 4 i 2 1 . 1 , 2 3 . 0 5 5 . 9 0 . 0 0 . 0 1 0 . 0 1 0 . 0 ! 0 . 0
5 0 3 2 7 7 . 3 ! 2 3 . 2 6 8 . 5 0 . 0 ! 0 . 6 0 . 0 ! 0 . 3 0 . 0
3 5 1 9 4 2 2 . 2 2 4 . 2 5 3 . 6 0 . 0 : o . o 0 . 0 0 . 0 0 . 0
3 6 2 1 0 ! 1 5 . 2 2 6 . 7 5 8 . 1 0 . 0 0 . 0 0 . 0 I 0 . 0 i 0 . 0
49 3 9 5 4 . 6 1 2 . 7 8 2 . 8 0 . 0 0 . 0 0 . 0 i 0 . 0 ! 0 . 0
I B - 2 / 1 1 8 3 i 2 7 . 3 2 7 . 3 4 5 . 4 0 . 0 0 . 0 0 . 0 ; o . o 0 . 0
I B - 2 / 2 4 4 2 9 . 7 1 6 . 5 7 3 2 3 0 . 0 0 . 0 0 . 0 ! 0 . 2 0 . 2
J S - 2 4 1 7 7 I 7 . 9 2 5 . 4 1 9 . 8 0 . 0 i 3 9 . 0 i 7 . 3 I 0 . 6 0 . 0
7 5 2 7 4 2 . 6 93 8 8 . 0 0 . 0 0 . 0 ! o . o i 0 . 0 0 . 0
5 3 2 7 8 6-5 2 1 . 6 7 1 . 9 0 . 0 0 . 0 0 . 0 i 0 . 0 i 0 . 0
5 2 2 3 6 ! 9 . 7 2 4 . 2 6 5 . 7 0 . 4 0 . 0 0 . 0 0 . 0 0 . 0
5 1 2 0 1 1 3 . 4 2 6 . 4 6 0 . 2 0 . 0 0 . 0 0 . 0 '■ 0 . 0 0 . 0
7 4 3 5 0 8 . 0 2 6 . 6 6 4 . 6 0 . 0 0 . 9 0 . 0 0 . 0 0 . 0
D T C - I / 1 5 7 3 5 . 2 8 . 7 8 5 . 5 0 . 0 0 . 5 0 . 0 0 . 0 0 . 0
D T C - 1 / 2 3 8 1 2 . 1 6 . 0 9 1 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
C B T D - 9 304 1 3 . 2 1 7 . 4 6 9 . 4 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
C B T D - S / 1 2 3 6 1 7 . 4 5 0 . 4 3 1 . 8 0 . 0 0 . 0 0 . 0 0 . 4 0 . 0
C B T D - 8 / 2 2 2 6 1 2 0 . 4 4 6 . 9 3 2 . 7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
6 5 2 1 7 1 3 . 8 2 9 . 0 5 6 . 7 0 . 0 0 . 0 0 . 0 0 . 0 03
9 5 1 7 3 i 2 4 . 9 2 3 . 7 5 1 . 4 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
D 1 - S 2 3 8 2 ! 9 . 9 2 4 . 9 3 1 . 4 0 . 3 2 2 . 0 1 1 . 3 0 . 3 0 . 0
7 6 1 6 0 I 2 8 . 1 3 3 . 8 3 8 . 1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 0 8 2 3 0 I 3 6 . 1 2 3 . 0 4 0 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
I B - 5 4 1 0 ' 9 . 3 2 3 . 7 6 7 . 1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 1 S 1 4 9 ! 2 9 . 5 4 2 . 3 2 5 . 5 0 . 0 2 . 7 0 . 0 0 . 0 0 . 0
1 1 8 1 7 0 i 2 5 . 3 2 8 . 2 2 7 . 6 0 . 0 1 7 . 6 0 . 6 0 . 6 0 . 0
9 4 2 4 0 ! 1 6 . 7 2 5 . 8 5 6 . 3 0 . 0 0 . 0 0 . 0 1 . 3 0 . 0
I B - 3 3 3 4 ! 1 0 . 8 2 3 . 7 6 5 . 6 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
9 7 1 6 1 I 2 5 . 5 3 7 . 3 3 6 . 6 0 . 0 0 . 6 0 . 0 0 . 0 0 . 0
I B - 4 3 4 3 1 5 . 8 1 2 . 0 82a 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
1 0 7 1 8 9 ; 18.5 2 8 . 6 5 2 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
6 4 2 5 3 i 1 6 . 6 3 4 . 8 4 8 . 6 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
5 5 3 2 9 I 7 . 6 1 9 . 5 7 2 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
9 8 2 0 9 1 9 . 6 4 2 . 6 3 6 . 8 0 . 0 1 . 0 0 . 0 0 . 0 0 . 0
D T C - 2 2 4 4 i 1 3 . 1 2 4 . 6 6 1 . 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 8
D T C - 3 3 5 8 1 9 . 2 2 0 . 9 6 8 . 7 0 . 0 1 . 1 0 . 0 0 . 0 0 . 0
7 7 2 1 0 ! 9 - 5 2 0  3 7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
D T C - 4 4 9 6 i 2 . 0 1 2 3 8 5 . 1 0 . 0 0 . 4 0 . 0 0 . 0 0 . 0
P B T D - 2 1 5 9 ! 1 8 . 9 2 5 . 2 5 5 . 3 0 . 0 0 . 6 0 . 0 0 . 0 0 . 0
3 7 2 5 9 ! 1 9 . 3 3 1 . 7 4 8 . 3  | 0 . 4 0 . 0 0 . 4 0 . 0 0 . 0
7 1 2 9 9 I 1 2 . 0 2 2 . 1 6 5 . 6  i 0 . 0 0 . 3 0 . 0 0 . 0 0 . 0
78 2 6 1 I 9 . 6 1 7 . 6 7 2 . 8  1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
99 1 8 0 1 1 1 . 1 5 1 . 1 3 5 . 0  1 0 . 0 0 . 6 0 . 0 1 . 7 0 . 6
1 1 6 2 3 8 1 1 8 . 5 4 1 . 2 3 9 . 1  ! 0 . 0 1 . 3 0 . 0 0 . 0 0 . 0
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DTC-6 323 11.8 2 8 a j 59.4 0.0 0.6 0.0 0.0 0.0
105 235 1 13.6 24.7 i 61.7 i o . o 0.0 i 0 . 0 0 . 0 0.0
D1-S3 287 12.9 25.4 31.4 0.0 185 115 0.3 0.0
56 260 9a ‘ 32.7 58.1 ! 0.0 0 . 0 0.0 0.0 0.0
93 305 i 13.1 1 27.9 58.7 0.0 0.0 0 . 0 0.3 0.0
57 244 17.2 i 34.8 48.0 ' 0 . 0 0.0 0.0 0.0 0.0
92 64 9.4 21.9 60.9 0.0 1.6 0.0 0.0 6.3
104 158 23.4 29.1 4 7 5 0.0 0.0 0.0 0.0 0.0
63 245 16.3 23.7 i 59.6 0.0 0.0 0.0 0.4 0.0
79 232 11.6 i 24.1 ' « a [ 0.0 i 0.0 0.0 0.0 0.0
PBTD-3 185 18.9 j 41.1 40.0 ! o . o 0.0 0.0 0.0 0.0
69 280 12.1 1 27.9 ! 59.6 ! 0.0 1 0.0 0.0 0.4 0.0
IB-V1 279 10.8 27.6 59.9 ; o . o 1 1.8 : o . o 0.0 0.0
IB-6/2 247 15.0 j 31.6 ! 53.0 : o . o 0.4 0.0 0.0 0.0
DI5-S1 348 12.1 23.6 25.9 ; o . o 33.9 i 3.7 0.0 I 0.9
D2-S1 180 18.9 36.1 30.6 0 . 0 10.6 i 3.3 0.0 0.6
100 223 8.5 39.9 20.6 1 0.0 24.7 i 6.3 0.0 0.0
DI-S4 369 6.5 24.9 29.8 : 0 . 0 ; 23.6 i 15a 0.0 0 . 0
DTC-5 332 6.3 13.6 79.8 i 0 . 0 0.3 0.0 0.0 ! 0.0
NYPA 517 6.0 16.6 76.8 I 0.0 0.6 ! o . o ! 0.0 0.0
CBTD-11 286 19.6 20.3 60.1 i 0.0 0.0 0.0 0.0 i 0.0
62 238 12a 30.7 56.3 I 0.0 0.4 ; 0 . 0 0.0 ! 0.4
CBTD-12 436 ; 8.9 20.9 70.2 0.0 0.0 0.0 0.0 i 0.0
CBTD-13 252 ' 21.0 18.7 60.3 1 0.0 0.0 0 . 0 0.0 | 0 . 0
102 198 i 14.6 27.3 56.1 0.0 15 0.0 0 . 0  i 0 5
58 220 ! i8 a 33.2 48.6 0 . 0 0 . 0 0 . 0 0.0 0.0
CBTD-14 285 ! 14.0 31.6 54.4 0.0 0.0 0 . 0 0.0 0.0
117 294 11.9 4 2 5 43a 0.0 1.4 0.7 0.3 i 0.0
91 237 I 15.6 25.3 59.1 0.0 0.0 0 . 0 0.0 i 0.0
80 302 ! 8.9 i6 a 7 4 a 0.0 0.3 0 . 0 0.0 0.3
D1-S5 198 23.7 25.3 50 5 0.0 0 5 0.0 0 . 0  i 0 . 0
101 273 ! 12.8 30.8 54.9 0 . 0 0.4 0.4 0.4 ! 0.4
68 289 11.4 27.7 60.9 0.0 0.0 0.0 0.0 ! 0.0
D2-S2 198 10.6 27.8 30.3 0.0 21.7 9.1 0.0 1 0.5
JS-20 259 ; 9.3 35.1 55a 0.0 0.0 0.4 0.0 ' 0.0
81 85 10.6 22.4 42.4 0.0 1.2 22.4 o . o  ! 1.2
JS-21 236 8 5 375 53.4 0.4 0.0 0.0 0.4 0.0
61 374 ! 10.7 31.0 575 0.0 0.0 0.3 0.3 ! 0.3
D D 8 / 2 341 ! 9.4 7 6 5 13.8 0.0 0.0 0.0 o . o  i 0.3
D D 8 / 1 7 7 ! 9.1 3 i a 59.7 0.0 0.0 0.0 0.0 j 0.0
JS-I1 276 ! 8.3 14.1 23.9 0.4 4 3 5 9.4 0.0 | 0.4
JS-22 172 1 5.8 3 9 5 40.7 0.0 9.3 4.7 0.0 i 0.0
88 211 i 22.7 38.9 38.4 0.0 0.0 0.0 o . o  ! 0.0
DD1 175 34.3 32.6 33.1 0.0 0.0 0.0 0.0 I 0.0
89 17 ; 0.0 11.8 58.8 0.0 29.4 0.0 0.0 ; 0.0
D D 4 - . V 1 220 j 20 3 21.4 5 8 a 0.0 0.0 0.0 o© 0.0
D I M - A / 2 65 I 40.0 30.8 2 9 a 0.0 0.0 0.0 0.0 i 0.0
D3-S1 257 ! 1225 35.4 45.1 0.0 3.1 2.7 0.8 | 0.4
D D 2 / 2 291 ! 28a 33.0 385 0.0 0.3 0.0 o . o  ! 0.0
DD2/1 201 ! 8 5 49.8 40.3 0.0 0 5 0.0 o . o  ! 1.0
D15-S3 261 ' 6.1 17.6 195 0.0 46.0 9.6 0.0 1 l . l
JS-19 231 ! 7.8 29.0 62.8 0.0 0.0 0 . 4 0.0 ! 0.0
DD5/2 240 1 125 43.3 44a 0.0 0.0 0.0 0.0 i 0.0
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DDS/I 1 6 1 1 - 9 8 8 . 2 9 . 9 0 . 0 0 . 0 0 . 0 ! o . o 0 . 0
D2-S3 3 1 9 7 5 1 7 . 6 2 9 . 5 0 . 0 2 6 . 6 1 7 2 0 . 0 1 . 6
DD6 2 3 7 1 2 . 7 3 4 . 6 4 9 . 4 0 . 0 3 . 0  . 0 . 0 0 . 0 0 . 4
60 1 8 7 2 0 . 3 ; 2 1 . 9 5 7  2 0 . 0 0 5  ! 0 . 0 o . o  ; 0 . 0
P10-S4 2 0 2 7 . 4 3 2 7 1 6 . 3 0 . 0 2 6 2  i 1 3 . 4 2 0 2 0
83 3 0 3 i 7 . 9 2 6 . 7 6 5 . 0 0 . 0 1 0 . 0  1 0 . 3 0 . 0 0 . 0
JS-18 1 7 8 8 . 4 . 3 3 . 7 5 7 . 3 0 . 0 0 . 0 0 . 0 0 . 6 0 . 0
JS-37 2 2 5 i 1 3 . 3 ! 2 9 . 8 5 6 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
D3-S2 2 5 5 1 1 . 8 : 3 6 . 9 3 4 . 9 0 . 4 ' 1 0 . 2  ! 5 . 9 o . o  ! 0 . 0
JS-17 1 6 8 6 . 0 4 2 3 4 6 . 4 0 . 0 2 4  1 1 . 8 1 . 2 0 . 0
86 2 0 9 1 2 . 4 3 2 . 1 5 5 5 0 . 0 1 0 . 0 0 . 0 0 . 0 0 . 0
D4-S1 2 8 7 1 9 . 5 1 3 5 5 4 0 . 4 0 . 0 ; 3.8 0 . 7 1 0 . 0 0 . 0
JS-50 2 2 3 9 . 9 3 5 . 9 5 3 . 8 0 . 0 0 . 4  ! 0 . 0 0 . 0 0 . 0
JS-13 7 0 4 . 3 2 4 . 3 2 0 . 0 2 9 4 2 9  ; 5 . 7 0 . 0 0 . 0
D2-S4 3 2 3 1 1 . 5 1 4 . 9 2 5 . 7 0 . 3 ! 3 4 . 1  ! 1 3 . 0 0 5 0 5
JS-49 1 9 4 8 . 8 4 3 . 3 4 1 2 0 . 0 5 2  ! 1 5 0 . 0 0 . 0
JS-43 2 6 5 1 1 . 7 2 8 . 7 5 9 . 6 0 . 0 ; 0 . 0  ; 0 . 0 0 . 0 0 . 0
D5-S1 2 6 8 1 3 . 8 2 9 . 9 5 4 . 9 0 . 0 1 . 1  ! 0 . 0 0 . 0 0 . 4
JS —12 2 2 1 1 4 . 0 3 8 . 9 4 7 . 1 0 . 0 0 . 0  1 0 . 0 0 . 0 0 . 0
JS-41 2 5 5 9 . 0 4 1 . 2  i 4 9 . 0 0 . 4 1 0 . 0 0 . 4 o o 0 . 0
D3-S3 1 8 7 1 1 5 . 5 2 8 . 9 2 1 . 9 3 2 i 1 5 5  ' 1 3 . 4 0 5  i 1 . 1
JS-15 1 4 5 i 5 5 2 6 . 9 2 1 . 4 0 . 0 3 4 5  i 1 1 . 7 0 . 0  j 0 . 0
D4-S2 2 3 8 1 5 . 5 2 8 . 6  ! 3 0 5 0 . 0 1 7 . 6 8 . 0 o . o  ; 0 . 0
D9-S1 2 2 1 1 7 . 6 4 0 . 3 3 5 . 7 0 . 0 4 5 1 . 4 0 . 0  i 0 5
D8-S1 2 7 7 ! 1 8 . 1 3 7 5  1 4 2 2 0 . 4 1 - 4  i 0 . 0 0 . 0  • 0 . 4
D10-S2 1 8 3 ! 7 . 7 2 3 5  i 3 2 8 0 5 2 7 . 3 8.2 o . o  ! 0 . 0
JS-33 1 0 9 i 9 2 4 5 . 0  | 2 5 . 7 0 . 0 1 6 5  i 3 . 7 0 . 0 0 . 0
DS-S2 2 5 9 ! 8.1 3 2 0  j 2 7 . 4 0 . 0 1 9 . 7  | 11.6 0 . 4  j 0 . 8
D4-S3 2 1 3 i 5 . 6 2 3 5  i 1 9 2 0 . 0 2 9 . 6  ! 21.6 0 . 0  i 0 5
D8-S2 2 6 0 ! 1 2 . 3 2 8 5  1 2 8 5 1 . 9 2 1 2  i 6 . 9 0 . 8 0 . 0
D9-S2 2 8 1 ! 1 2 5 3 5 2  1 3 5 2  | 0.4 1 0 . 7  ! 6 . 0 o . o  ; 0 . 0
D3-S4 2 0 7 i 1 5 5 4 8 . 8  i 7 . 7  ! 0.0 2 2 7  : 4 . 3 0 5  ' 0 5
D5-S3 1 6 2 ! 1 5 . 4 5 8 . 0  ! 1 8 5 0.0 4 . 9  i 1 . 9 0 . 6  i 0.6
D10-S3 5 3 2 ! 2 4 7 . 3 9 . 6  ! 0.0 7 3 . 3  ! 5 . 8 0 . 9  1 0.6
D12-P20 3 5 3 I 6 5 i i .o ! 102 j 0 . 3 6 1 2  | 9 . 9 0 . 6  | 0 . 3
D8-S3 2 1 4 ! 1 2 1 6 3 . 6  | 1 6 . 4  | 1 . 9 3 . 7  ! 2 3 0 . 0  i 0 . 0
D4-S4 2 5 4 ! 4 . 3 8 . 3  i 9 . 4 0 . 0 6 5 . 0  i 1 1 . 4 0 . 4 12
D9-S3 2 7 6 ! 9 . 1 2 1 . 4  | 1 7 . 8  | 0 . 4 3 8 . 0  1 11.6 1.8 i 0.0
D12-S4 4 0 3 I 6 . 2 1 5 . 4  | 1 6 . 1  | 0.0 4 3 . 4  | 1 8 . 4 0 5  } 0.0
D5-S4 3 2 ! 3 . 1 6 . 3  i 2 8 . 1  1 0.0 5 3 . 1  ! 9 . 4 0.0 1 0.0
D6-S4 7 7 ' 0.0 7 . 8  i 2 6  | 0.0 7 2 . 7  i 1 3 . 0 0 . 0  i 3 . 9
D8-S4 1 7 2 I 6 . 4 4 1 . 3  | 9 . 3  1 2 3 3 4 . 9  | 5 . 8 0.0 I 0.0
JS-28 1 8 7 I 8.0 1 7 . 1  | 5 . 9  ! 1 . 6 4 7 . 6  I 1 9 . 8 0.0 j 0.0
JS-39 1 6 9 1 2 4 8 5  i 4 . 7  I 0.0 6 5 . 1  ! 1 7 . 8 0.0 ! 1.8
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SAM PLE Polloi Spore PWMPI D ioocrst F a n * C apepod TbsUaao-
STATION spore W m t t t M orph
(#/e sed.) (#/e sed.) r#tas«d.) (# /r sed.) (# /r sed.) (#/* sed.) (# /r sed.)
123 20642 35536 63233 0 ! 0 0 0
122 5292 8599 27651 0 ' 0 ! o 0
27 221 1325 1252 0 0 i 0 0
18 5067 14314 12414 0 633 127 0
15 10125 6790 8815 ; o 0 0 1 0
20 9582 9582 9308 ' 274 411 ! 137 ! 274
D16-S1 1157 1354 ! 1092 44 2795 ! 1703 66
D16-S4 156 341 878 ! 10 ! 2351 ! 517 20
D16-P10 3632 9340 4966 0 371 ' 371 ! 0
D16-S3 227 491 302 151 2588 888 19
D16-S2 233 667 317 67 1167 1001 17
JS-35 214 584 169 32 402 130 6
121 8395 17815 35834 0 0 0 0
4 179 242 242 0 0 0 0
JS-25 35 151 i 45 10 563 65 5
5 95 62 39 0 0 0 0
6 83 38 32 I ! 0 0 8
8 36 39 56 0 0 0 0
48 4703 25308 47256 0 0 0 0
7 796 493 1410 0 0 0 0
21 16170 8238 15255 0 ! 0 0 0
HWS-1/1 68612 222805 50906 0 0 0 0
HW S-1/2 53952 320907 4905 0 0 0 0
m v s - i / 6 94016 443809 102311 0 0 0 0
H W S-l/7 34095 439822 29833 0 0 0 0
28 8878 7046 30016 0 0 0 0
120 5658 15654 45264 0 0 0 0
10 15000 6940 32463 0 0 0 0
12 7675 13104 39498 0 187 0 0
23 6605 11723 27574 0 0 0 0
47 3689 10152 30863 0 0 0 0
24 2301 3327 10153 0 0 0 0
A TC F 10995 21990 16992 0 0 0 0
PBFD 39194 51736 148152 0 0 0 0
13 55095 30159 51960 448 0 0 0
HWS-2/1 22502 150873 2951 0 0 0 0
H3VS-2/3 28014 155801 4285 0 0 0 0
HWS-2/4 29862 139071 13651 0 0 0 0
H W S-2tt 28079 37439 119180 0 0 0 0
25 10312 17559 24248 0 0 0 0
113 16200 32400 84136 0 0 0 0
46 2462 3447 10996 0 0 0 0
29 5574 10312 19092 0 0 0 0
NPI-A 36581 80478 36581 0 0 0 0
CBTD-1 15269 29992 136326 0 0 0 0
CBTD-3 7316 23203 23830 0 0 0 0
NPI-D 49573 106582 27265 0 0 0 0
HWS-3/1 34026 59753 96269 0 0 0 0
HW S-3/2 14724 i 33030 117395 0 0 0 0
112 7033 ! 18754 51106 0 0 0 0
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4 5 3 4 5 7 0 3 i 1 6 5 2 0 0 0 0
3 0 4 8 2 7 1 0 0 8 1 j 2 1 0 1 4 0 0 ; 0 0
1 1 9 2 8 5 8 4 9 9 1 6 9 : 3 0 3 3 4 0 0 0 0
5 4 8 3 6 1 1 5 0 9 7 3 5 7 6 8 0 0 0 0
1 1 1 8 7 9 2 1 6 5 5 0 4 0 0 8 3 0 0 0 0
D l - S l 9 0 3 1 5 6 8 ! 1 6 1 5 1 4 3 1 3 3 0 1 2 8 3 4 8
3 3 8 5 7 5 2 1 0 7 1 I 3 6 0 1 6 0 1 0 0 0
L B 1 - B 1 4 5 8 4 5 3 5 9 5 5 6 1 4 7 0 1 0 0 0
4 4 1 7 5 9 3 8 4 7 8 7 9 4 0 i 0 ! 0 0
3 4 5 8 6 2 6 4 0 7 1 5 5 4 1 0 i 0 i 0 0
5 0 2 1 0 5 6 6 6 6 1 9 6 4 6 0 1 7 5 ! 0 0
3 5 9 6 3 0 1 0 5 2 6 2 3 2 9 2 0 i 0 ! 0 1 0
3 6 2 0 3 6 3 5 6 3 7 7 6 1 i o i 0 0 0
4 9 3 2 4 8 9 0 2 3 1 5 9 0 1 1 0 0 0 0
I B - 2 / 1 2 5 0 8 4 2 5 0 8 4 4 1 6 3 9 ; 0 0 0 0
I B - 2 a 1 1 1 6 4 1 8 9 5 3 8 4 1 1 8 : o 0 0 2 6 0
J S - 2 4 1 7 9 5 7 6 4 4 8 0 8 8 3 1 6 6 0
7 5 2 2 4 0 8 3 1 9 7 7 1 0 8 ' 0 i 0 0 0
5 3 3 0 1 0 1 0 0 3 4 3 3 4 4 5 0 i 0 i 0 0
5 2 4 6 8 3 1 1 6 0 5 3 1 5 5 9 2 0 1 ‘ o o 0
5 1 5 2 1 0 1 0 2 2 7 2 3 3 4 7 0 I 0 0 0
7 4 2 2 0 0 7 3 0 8 1 7 7 6 0 0 ! 2 3 6 i 0 0
D T C - 1 / 1 2 3 5 1 6 3 9 1 9 4 3 8 4 0 9 9 0 2 3 5 2 0 0
D T C - 1 / 2 4 0 4 6 1 1 6 3 2 1 7 7 0 0 4 0 0 0 0
C B T D - 9 2 6 7 5 6 i 3 5 4 5 2 1 4 1 1 3 9 0 0 0 0
C B T D - 8 / 1 3 7 0 8 3 i 1 0 7 6 3 2 6 7 8 3 5 0 0 0 0
C B T D - S / 2 4 8 5 8 4 1 1 1 9 5 4 7 8 1 5 6 0 0 0 0
6 5 2 0 9 ! 4 3 9 8 5 7 0 0 0 7
9 5 5 6 6 5 ! 5 4 0 1 1 1 7 2 5 0 0 0 0
D 1 - S 2 8 0 2 1 2 0 0 6 2 5 3 4 2 1 1 7 7 4 9 0 8 0
7 6 2 3 9 2 8 6 3 2 4 0 0 0 0
1 0 8 5 0 9 3 j 3 2 5 2 5 7 6 8 0 0 0 0
I B - 5 2 0 7 2 2 5 2 8 9 5 1 4 9 9 5 9 0 0 o 0
1 1 5 6 9 1 5 9 9 0 2 5 9 7 2 0 6 2 9 0 0
1 1 8 6 6 9 7 4 7 7 3 1 0 4 6 7 1 6 0
9 4 6 6 8 9 1 0 3 6 8 2 2 5 7 6 0 0 0 0
I B - 3 9 8 1 5 2 1 5 4 0 5 9 7 1 1 0 0 0 0
9 7 1 8 6 9 9 2 7 3 6 4 2 6 9 0 8 0 4 5 6 0 0
I B - 4 5 9 1 6 1 2 1 2 8 8 3 4 1 6 0 0 0 0
1 0 7 7 4 4 0 1 1 4 7 9 2 1 2 5 8 0 0 0 0
6 4 1 2 9 5 2 7 1 4 3 7 9 3 0 0 0 0
5 5 4 4 7 9 1 1 4 6 7 4 3 0 0 1 0 0 0 0
9 8 5 9 1 1 1 2 8 3 0 1 1 1 0 0 0 2 8 8 0 0
D T C - 2 1 2 5 4 2 2 3 5 1 6 5 8 7 9 1 0 0 0 7 8 4
D T C - 3 1 0 7 0 4 2 4 3 2 7 7 9 7 9 3 0 1 2 9 7 0 0
7 7 2 3 8 9 5 1 3 6 1 7 5 5 9 0 0 0 0
D T C - 4 3 3 7 2 2 0 9 0 3 1 4 2 2 7 8 0 6 7 4 0 0
P B T D - 2 6 7 1 9 8 9 5 9 1 9 7 0 9 0 2 2 4 0 0
3 7 8 7 1 0 1 4 2 8 4 2 1 7 7 4 1 7 4 0 1 7 4 o
7 1 4 4 7 9 8 2 1 2 2 4 3 8 7 0 1 2 4 0 0
7 8 2 0 1 8 3 7 1 3 1 5 3 3 4 0 0 0 0
9 9 2 2 4 0 1 0 3 0 2 7 0 5 5 0 1 1 2 0 1 1 2
1 1 6 4 2 4 5 9 4 5 5 8 9 7 2 0 2 8 9 0 0
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D T C - 6 1 5 2 7 6 3 6 5 8 1 7 7 1 8 2 0 8 0 4 0 0
1 0 5 2 8 6 7 5 1 9 6 1 2 9 9 0 0 0 0 0
D I - S 3 6 9 1 ! 1 3 6 4 1 6 8 1 0 9 9 0 6 1 6 0
5 6 5 5 7 4 1 9 7 4 2 3 5 0 7 1 0 0 0 0
9 3 1 0 0 3 4 2 1 3 2 1 4 4 9 0 0 0 0 0 1 0
5 7 3 7 2 5 7 5 3 8 1 0 3 7 6 0 0 0 0
9 2 7 5 ' 1 7 6 4 8 9 ' 0 1 3 0 5 0
1 0 4 1 5 4 6 8 1 9 2 3 1 3 1 3 5 5 0 0 0 0
6 3 4 9 0 9 7 1 1 8 1 7 9 1 7 0 0 0 0
7 9 4 0 3 1 ! 8 3 6 1 2 2 2 4 7 0 0 0 i 0
P B T D - 3 7 0 8 0 ■ 1 5 3 7 4 1 4 9 6 9 0 0 0 I 0
6 9 5 3 4 4 1 2 2 5 9 2 6 2 4 7 0 0 0 0
I B - 6 / 1 8 0 7 4 2 0 7 2 4 4 4 9 4 7 0 1 3 4 6 0 0
I B - 6 / 2 9 7 4 9 2 0 5 5 2 3 4 5 1 7 0 2 6 3 0 0
D 1 5 - S 1 1 8 8 1 3 6 7 3 4 0 3 1 0 5 2 8 6 5 8 2 1 3 4
D 2 - S I 1 7 1 9 3 2 8 7 2 7 8 1 0 9 6 1 3 0 3 5 1
1 0 0 1 1 6 8 5 4 7 2 2 8 2 8 0 3 3 8 1 8 6 1 0
D 1 - S 4 3 4 0 1 3 0 3 1 5 5 8 0 1 2 3 2 7 9 3 0
D T C - 5 4 2 4 8 9 1 0 3 5 3 6 0 7 0 2 0 2 0 0
N Y P A 6 0 7 5 1 6 8 5 3 7 7 8 0 0 0 5 8 8 0 0
C B T D - 1 1 7 1 6 6 9 7 4 2 2 8 2 2 0 1 2 5 0 0 0 0
6 2 3 0 3 1 7 6 3 0 1 4 0 0 5 0 1 0 5 0 1 0 5
C B T D - 1 2 1 6 6 3 7 3 8 8 2 0 1 3 0 5 3 9 0 0 0 0
C B T D - 1 3 3 9 1 0 2 3 4 6 7 5 1 1 2 1 4 0 0 0 0 0
1 0 2 1 5 5 6 2 8 9 7 5 9 5 6 0 1 6 1 0 5 4
5 * 1 0 4 5 2 1 9 0 7 4 2 7 9 5 8 0 0 0 0
C B T D - 1 4 1 1 1 4 8 2 5 0 8 4 4 3 2 0 0 0 0 0 0
1 1 7 3 9 0 2 1 3 9 3 6 1 4 1 5 9 0 4 4 6 2 2 3 0
9 1 4 0 7 1 6 6 0 1 1 5 4 0 2 0 0 0 0
B O 2 6 8 8 4 8 7 7 2 2 2 9 7 0
I
1 0 0 0 1 0 0
D 1 - S 5 1 0 7 1 8 1 1 4 0 2 2 2 8 0 4 0 2 2 8  ; 0 0
1 0 1 5 1 9 8 1 2 4 7 6 2 2 2 7 9 0 1 4 9 1 4 9 1 4 9
6 8 3 5 7 7 8 6 7 1 1 9 0 7 6 0 0  i 0 0
D 2 - S 2 1 2 7 9 3 3 4 9 3 6 5 3 0 2 6 1 8 1 0 9 6 6 1
J S - 2 0 4 7 0 3 1 7 8 3 3 2 8 0 2 4 0 0 1 9 6 0
8 1 6 6 1 3 9 2 6 3 0 7 1 3 9 7
J S - 2 1 2 5 1 8 1 1 0 8 1 1 5 8 6 6 1 2 6 0 0 0
6 1 1 0 0 9 8 2 9 2 8 5 5 4 2 7 8 0 0  1 2 5 2 2 5 2
D D 8 / 2 1 9 1 1 2 1 5 5 8 7 9 2 8 0 7 0 0 0  j 0 5 9 7
D D 8 / 1 3 0 4 8 1 0 4 5 2 2 0 0 3 2 0 0  I 0 0
J S - 1 1 8 6 2 1 4 6 2 2 4 7 4 4 4 9 8 9 7 5 3 7
J S - 2 2 5 8 1 3 9 4 8 4 0 6 5 0 9 2 9  | 4 6 5 0
8 8 1 5 0 5 0 2 5 7 1 1 2 5 3 9 8 0 0  i 0 0
D D 1 5 0 1 6 8 4 7 6 6 0 4 8 4 9 6 0 0  i 0 0
8 9 0 1 3 9 4 6 9 6 8 0 3 4 8 4  j 0 0
D I M -  A / 1 1 4 0 4 0 1 4 6 6 4 3 9 9 3 5 0 0  i 0 0
D I M - A / 2 9 2 6 4 7 1 2 6 6 7 7 0 0 0  i 0 0
D 3 - S 1 6 9 2 0 1 9 6 7 8 2 5 0 8 4 0 1 7 3 0 1 5 1 4 2 1 6
D D 2 / 2 7 9 1 1 1 9 2 6 1 8 1 0 8 0 5 4 0 9 6 5  | 0 0
D D 2 / 1 1 2 2 6 9 7 2 1 7 3 5 8 4 6 0 0 7 2 2  i 0 1 4 4 3
D 1 5 - S 3 2 6 7 7 6 9 8 5 2 0 2 0 0 6  j 4 1 8 5 0
J S - 1 9 3 8 9 2 1 4 4 8 8 3 1 3 5 5 0 0  1 2 1 6 0
D D S / 2 9 5 9 8 3 3 2 7 5 3 3 9 1 5 0 0  i 0 0
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DD5/I 1596 75550 8513 0 0 0 0
D2-S3 510 1190 1998 0 1807 1169 106
DD6 13633 37262 53167 0 3181 0 454
60 6547 7063 18434 ' 0 i 172 0 0
P10-S4 260 1144 572 0 919 468 69
83 2762 9320 22668 0 0 115 0
JS-18 3034 12137 20634 0 0 0 0
JS-37 7839 17507 I 33445 ' 0 0 0 0
D3-S2 2267 7102 6724 76 1964 1133 0
JS-17 980 6957 7643 1 0 392 294 0
86 1469 3785 6553 ! o 0 0 0
D4-S1 5563 10133 11524 ! o 1093 199 ; 0
JS-SO 7261 26404 j 39606 i 0 330 o ! 0
JS-13 84 474 390 ! 56 836 i l l 0
D2-S4 471 611 ' 1056 13 1400 534 13
JS-49 2665 13169 12542 ! o 1568 470 0
JS-43 16200 39716 ! 82568 1 0 0 0 i 0
D5-S1 5524 11945 I 21949 i o 448 0 149
JS-42 4521 12542 ! 15167 o 0 0 I 0
JS-41 3698 16883 20099 i 161 0 161 ! 0
D3-S3 1653 3078 i 2337 ! M 2 1653 1425 1 114
JS-15 528 2573 2045 0 3299 1122 0
D4-S2 1298 2386 2526 0 1473 667 i 0
D9-SI 3650 8330 7394 0 936 281 ; 94
D8-S1 9755 20290 22826 195 780 0 i 195
DI0-S2 655 2012 2808 47 2340 702 j 0
JS-33 89 435 249 0 160 i 36 ! 0
D5-S2 896 3541 3029 0 2176 | 1280 i 85
D4-S3 169 705 578 0 888 j 648 ! 14
D8-S2 1160 2682 2682 181 1994 ! 652 | 0
D9-S2 1416 ! 4005 4005 40 1214 ! 688 i 0
D3-S4 102 i 321 51 0 149 ! 29 I 3
D5-S3 190 i 714 228 0 61 1 23 1 8
D10-S3 118 354 463 0 3537 j 281 1 27
D12-P20 208 1 353 325 9 1953 | 316 I 9
DX-S3 163 i 851 219 25 50 I 31 ! 0
D4-S4 95 182 208 0 1431 i 252 | 26
D9-S3 514 | 1213 1007 21 2159 1 658 1 0
D12-S4 269 i 668 701 0 1886 ! 798 | 0
D5-S4 4 ! 7 32 0 60 | i i  ! 0
D6-S4 o : 79 26 o 741 | 132 i 40
D8-S4 55 354 80 20 299 ! 50 i 0
JS-28 87 i 186 64 17 517 | 215 j 0
JS-39 49 ! 173 99 0 1358 ! 370 ! 37
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SA M PLE N a n b cr P r* s« rr td P. p . W csted I. I. D q in d td
STATION k rro tcn p h rtn cU ft  ^ w ith f u n d with p v ritr pfcvtadast with f u e l ' w ith  p r r i t r phvtoctest
coontrd (% ) (5i> r%> (* > ( * ) < * )
123 600 25.2 3.7 0.3 2 2 3 1 3.0 0 . 0 2.3
122 670 13.4 ' 2.4 0.0 27.0 1 3.4 0 . 0 4.8
27 488 4.3 0.0 2 3 2 2 3 0.0 8.4 18.9
18 413 17.4 i 0.2 ! 4.6 19.9 o a ; 3.9 10.7
15 446 8.5 0.9 2.2 21.1 l .i 5.4 8.3
20 476 13.7 1.1 1.7 22.7 0.6 2.9 8.8
D16-S1 550 4.2 o a o a 10.0 0.0 1.1 33
D16-S4 528 1.3 0.0 0.0 7.4 0.0 j 0.2 3.4
D16-P10 492 14.8 0.0 1.0 16.3 0.2 0.6 7.9
D16-S3 480 7 3 0.0 0.2 io a 0.0 0.6 4.6
D16-S2 503 8.9 0.0 1.0 173 0.0 ; o a 3.2
J S - 3 5 538 5.2 o a 0.6 n a 0.0 13 7.6
121 667 12.0 1.3 0.1 30.4 13 0 . 0 4.6
4 567 12.2 0.0 0.2 24.3 0 . 0 o a 14.1
JS-25 452 2.2 0.0 0.0 4 a 0.0 0.4 13
5 384 2.6 0.3 0.0 13.0 0.3 0.0 8.1
6 416 j 6.5 0.2 0 . 0 123 0 3 0.2 ! 8.9
8 375 4.3 0.3 0.0 163 0.8 0 . 0 8 3
48 606 3 1 3 13 0.0 3 i a 13 0.0 1.3
7 467 16.3 1.9 0.0 3 4 3 1.9 0 . 0 8.8
21 460 14.3 0.9 0.9 2 3 3 1.1 1.7 7.0
HWS-1/1 556 ! 23.0 0.0 0.0 2a 0.2 0.0 3.4
m v s - i /2 489 17.8 0.0 0.0 3.7 0.0 0 . 0 1.0
HW S-1/6 490 26.9 0.0 0.0 2.7 0.0 0.0 : 1.6
HW S-1/7 428 i 11.4 0.0 0.0 3.0 0 . 0 0.0 i 0.9
28 553 10.7 Z2 8.3 9 - 0 1 . 4 14.6 j 2.7
120 566 ! 14.8 3 a 0.0 33.6 4.8 0 . 0 3.0
10 419 16.2 1.4 i a 26.0 2.4 2-4 1 10.0
12 453 7 . 7 0.4 0.9 24.9 2.9 2.4 j 6.0
23 507 15.2 3 a 2.6 2 3 3 i a 5.7 6.1
47 655 21.7 2.9 0.0 3 0 3 2.0 0.0 3.7
24 623 7 3 0 3 0.3 20.9 0.3 2-1 ; 5.6
ATCF 489 2.7 0.0 0.0 n a 0.0 0.0 i 113
PBFD 435 1 4.8 0.7 0.0 143 1.1 0.0 1 19.8
13 525 ! 183 2 3 0.0 24.4 1.0 0.6 | 4.8
HWS-2/1 485 | 19.6 0.0 0.0 2 3 0.0 o.o | o a
HW S-2/3 452 1 26.1 0.2 0.0 4 . 4 0.0 0 . 0  i o a
HW'S-2/4 467 26.1 0.0 0.0 5.8 0 . 0 o.o ! 0.2
HW S-2/2 475 ' 17.7 2.7 0.0 17.9 2-1 o a  ; 10.1
25 562 i 7 . 7 0.0 7 . 7 8 3 0.2 12.3 ! 4.1
113 585 i 8.7 1.2 0.3 26.7 1.7 0.9 | 6.8
46 574 ! 15^ 3.1 0.0 34.8 3.0 0.0 i 3 3
2 9 611 i 19.6 3.8 2.6 193 2.0 2.1 I 4.3
NPI-A 523 1 12.4 0.4 0.0 18.9 0.4 0.0 i 8.2
CBTD-1 426 ! 9 . 9 0.9 0.0 1 8 . 8 1.9 0.0 | s a
CBTD-3 480 14.4 o a 0 . 6 11.7 o a 0 . 4  ! 7 3
NPI-D 451 | 14.0 0.0 0.0 21.1 0.7 0.0 1 1 4 a
HW S-V1 489 j 2.9 0.0 0.0 11.0 0.0 o.o ! 7.6
HW S-3/2 469 | 3.6 0.0 0.0 8 3 o a 0.0 ! 6 . 6
1 1 2 551 | 7.6 2.0 0.0 31.8 2.9 o a  ! 4 . 4
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4 5 6 0 2 2 1 . 6 1 2 0 . 0 2 7 . 1 0 2 0 . 0 i 3 . 7
3 0 6 4 4 ! 1 5 . 2 2 8 2 2 2 3 . 3 i 1 - 6 3 . 6 i 2 8
1 1 9 5 9 9 3 5 . 2 0 . 0 0 . 3 1 2 5 0 2 0 . 3 ! 2 - 7
5 4 6 2 4 1 9 . 0 0 . 5 1 . 6 2 1 2 0 . 8 5 . 9 6 . 6
1 1 1 5 6 5 i 9 . 7 1 . 1 3 . 0 2 0 . 0 ! 1 . 1 1 0 . 1 5 . 0
D l - S l 3 3 1 ! 1 0 . 6 0 . 0 0 . 3 2 2 . 4 i 0 . 3 0 . 0 3 . 3
3 3 6 2 S 1 7 . 2 1 2 2 2 2 2 . 1 1 . 1 4 . 1 5 . 3
L B 1 - B 5 6 0 8 . 0 0 . 4 0 . 0 1 7 . 9 0 . 4 0 . 0 7 2
4 4 5 9 5 : 1 9 . 3 3 . 4 0 2 2 4 . 5 2 2 0 . 3 3 . 7
3 4 7 3 0 1 2 2 1 . 1 1 1 . 1 2 3 . 6 ■ 0 . 7 2 3 5 2
5 0 6 2 2 1 6 . 6 0 . 3 3 . 1 2 1 2 1 . 6 9 . 6 6 . 1
3 5 6 1 0 1 0 . 8 0 . 2 7 . 0  ; 1 3 . 6 0 . 3 1 3 . 0 4 . 4
3 6 6 9 4 1 4 . 7 1 2 1 2 1 7 . 3 ; 0 . 7 1 . 6 ; 3.7
4 9 6 7 1 5 . 8 0 . 4 3 . 4 1 4 . 9 1 . 3 1 3 . 4 3 . 9
I B - 2 / 1 8 8 8 1 9 . 6 0 . 9 0 . 0 1 7 . 6 1 . 0 0 . 0 ; i 5 . 9
I B - 2 a 9 5 8 7 . 0 0 . 0 0 . 0 5 . 3 0 . 3 0 . 0 7 . 4
J S - 2 4 4 6 1 6 . 3 0 . 0 0 . 4 1 7 . 8 0 . 0 2 4 1 2 . 4
7 5 6 7 7 3 . 2 0 . 1 ; l . o  ! 1 5 2 0 . 1 1 4 . 8 7 . 7
5 3 6 2 9 8 . 4 0 . 8 ; 1.7 i 1 7 . 8 1 0 . 6 6 . 2 5 . 6
5 2 6 3 0 1 1 . 9 0 2 ■ l . o  ! 2 0 . 8 ! 0 . 0 3 2 , 8 . 4
5 1 6 2 2 5 . 8 0 2 1 7 . 1  i 1 2 . 1 ! 0 . 6 1 8 . 0 1 . 8
7 4 6 3 9 6 . 7 0 . 6 3 . 9 1 6 . 0 1 0 . 3 1 8 . 0 2 2
D T C - 1 / 1 4 7 5 0 . 8 0 . 0 0 . 0  , 3 2 0 . 2 0 . 0 6 . 9
D T C - 1 / 2 4 5 0 ■ 0 . 9 0 . 0 o . o  ; 2 4 0 . 0 0 . 0 6 . 0
C B T D - 9 5 0 1 2 6 0 . 0 ! o . o  ! 1 0 . 8 0 . 6 0 . 0 i 9 . 4
C B T D - S / 1 4 7 0 2 0 . 0 0 . 6 i o . o  ; 1 6 . 6 0 . 6 0 . 0 1 1 . 9
C B T D - 8 / 2 4 5 5 7 . 0 0 2 0 . 0  i 1 2 2 0 . 9 0 . 0 ; 1 3 2
6 5 5 9 7 2 0 . 9 1 . 0 ; 0 . 0  ! 3 2 3 0 . 8 0 . 0 6 2
9 S 6 2 5 j 1 . 4 0 . 0 1 0 2  j 1 3 . 9 0 2 3 . 0 8 . 0
D 1 - S 2 4 5 4 7 . 0 0 . 7 i 0 . 4  ! 1 0 . 4 0 . 7 0 . 7 2 9
7 6 7 0 2 8 . 5 0 . 6 ! o . o  | 2 8 . 6 0 . 9 0 . 0 6 . 7
1 0 8 6 2 1 1 . 8 0 . 0 1 . 1  i 9 . 0 0 2 3 . 4 5 . 2
I B - 5 4 4 0 4 . 1 0 . 0 0 2  i 1 2 7 2 0  i 1 . 4 8 . 0
1 1 5 7 0 3 1 0 . 7 0 . 1 0 . 9  ! 2 7 . 2 0 . 0 2 8 4 . 8
1 1 8 7 2 7 3 . 3  i 0 . 1 0 . 6  | 8 . 3 0 . 1 2 3 3 . 6
9 4 6 4 8 9 . 0  i 0 . 3 1 . 4  I 2 8 . 2 0 . 3 2 2 7 . 1
I B - 3 9 0 5 3 . 6  | 0 2 2 1 4 . 3 0 . 3  I 3 2 6 . 7
9 7 6 0 5 5 . 1  ! 0 2 2 8  j 1 7 . 0 0 . 0  1 9 . 9 8 . 1
I B - 4 9 3 8 i - 7  : 0 . 0 0 . 6  | 3 . 0 0 . 4 0 . 7 4 . 3
1 0 7 6 8 6 7 . 9  I 0 . 0 1 - 0  1 1 7 . 6 0 . 3  1 2 6 S 2
6 4 6 4 9 2 0 . 0  i 0 2 0 . 0  i 3 1 . 1 1 - 4  1 0 2 3 . 2
5 5 6 3 8 9 . 9  j 1 . 4 0 . 9  j 2 4 . 8 1 . 6  I 3 . 3 3 . 9
9 8 6 3 5 9 . 9  i 0 . 5 1 . 6  i 2 0 2 0 . 2  ! 3 . 8 7 . 1
D T C - 2 4 9 1 3 . 9  | 0 2 0 . 4  | 4 . 3 0 . 6  ! 1 . 4 1 0 . 6
D T C - 3 4 9 0 2 0  | 0 . 2 0 2  ! 3 . 9 1 . 4  | 0 . 6 6 . 7
7 7 5 9 2 9 . 0  j 1 . 4 3 . 0  j 2 5 . 0 r  1 - 9  f 9 . 6 5 . 9
D T C - 4 5 5 8 i . i  ! 0 2 0 . 4  | 2 2 0 2  i 1 . 4 3 . 0
P B T D - 2 5 0 5 9 . 7  | 0 . 6 0 . 6  | 1 5 . 6 0 . 8  | 2 6 1 2 1
3 7 5 7 7 2 2 . 7  | 1 . 7 4 2  | 2 1 . 7 1 2  | 4 . 7 5 . 0
7 1 6 3 1 1 0 . 0  i 0 . 6 1 . 6  ! 2 6 . 3 1 . 6  i 7 . 4 4 . 1
7 8 5 5 6 1 3 . 3  1 2 2 0 . 4  | 2 9 . 1 _ 2 2  | 0 . 7 5 . 4
9 9 4 8 7 1 7 . 7  ! 0 2 5 2  | 2 6 . 1 0 2  I 7 . 0 5 . 7
1 1 6 7 1 7 8 . 1  i 0 . 1 1 . 7  1 1 9 . 4 0 . 0  i 4 . 0 4 . 3
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D T C - 6 4 7 3 2 . 3 0.0 0 . 0 4 . 9 0 . 0 0.0 8 . 7
1 0 5 6 1 8 7 . 1 0.0 1 . 1 2 0 . 4 0.0 i 3 . 1 6 . 1
D 1 - S 3 3 3 2 7 . 5 0.0 0 . 9 9 . 6 0 . 3 : 1 2 4 3
5 6 6 2 2 9 . 0 0 . 3 1 . 9 1 9 . 6 0 . 5 5 . 1 5 3
9 3 5 4 3 9 . 4 0 . 6 1 - 5 2 0 . 4 0 . 6 3 . 3 7 2
5 7 6 6 5 1 1 . 9 0 . 8 2 . 1 1 7 . 0 0 . 6 5 . 6 6 . 0
9 2 6 1 4 4 . 9 0 . 3 0 . 0 1 6 . 3 0 . 3 0 . 7 5 . 4
1 0 4 5 9 2 7 . 9 0 . 0 4 . 1 1 4 . 7 0 . 3 1 0 . 1 3 3
6 3 6 6 6  i 1 4 . 9 2 . 0 0 . 6 2 4 . 2 1 . 8 2 3 3 . 8
7 9 5 9 7 1 1 . 1 1 . 3 2 . 3 2 6 . 0 13 7 . 7 6 . 0
P B T D - 3 5 1 4 4 . 7 0 . 4 1 . 2 8 . 6 0 . 4 4 . 3 9 . 3
6 9 7 1 9 93 0.0 0 . 8  < 2 5  2 0 . 3 6 . 0 3 3
I B - 6 7 1 4 8 1 2 . 9 0 . 6 2 . 1 6 . 4 0 . 6 2 9 4 . 2
I B - 6 a 4 5 0 2 . 9 0 . 2 0 . 0 8 . 0 1 . 1 0.0 9 . 6
D 1 5 - S 1 5 6 6 7 . 6 0 . 2 o . 9  ; 9 . 0 0 . 0 1 . 4 2 3
D 2 - S 1 4 6 9 1 4 . 9 0 . 6 1 . 9 1 8 . 1 0 2 2 8 6 . 8
1 0 0 1 9 1 1 8 . 8 03 03 > 1 7 . 8 0 . 0 1 . 0 2 6
D 1 - S 4 6 7 6 6 . 8 0.0 0 . 6  i 1 0 . 1 0.0 0 . 6 5 . 8
D T C - 5 5 1 7 3 . 1 0 . 6 0 . 2 8 . 1 12 0 . 4 8 . 9
N Y P A 4 9 3  1 6 . 9 1 . 4 0 . 0  i 112 1 . 8 0 . 0 1 1 . 2
C B T D - l l 4 3 9 4 . 8 0.0 o . o  ! 1 2 3 0 . 7 0 . 0 1 4 . 1
6 2 5 8 2  1 1 3 . 9 0 . 5 3 . 6 2 4 . 7 12 1 0 . 8 5 3
C B T D - 1 2 4 6 9 1 2 . 4 0.0 0 . 0  ! 1 3 . 4 1.9 0 . 4 8 . 3
C B T D - 1 3 4 5 1  i 1 9 . 1 1 . 8 02 1 6 . 9 1 . 8 0 2 9 3
1 0 2 6 0 9 8 . 7 1 . 0 03 i 2 1 . 2 03 1 3 6 . 4
5 8 619 ! 1 2 . 0 0 . 2 6 . 0  ; 1 3 . 7 02 1 5 . 0 3 2
C B T D - 1 4 4 8 1  ! 1 6 . 2 0 . 8 o . o  ! 1 8 . 3 1 . 7 0 . 0 1 1 2
1 1 7 7 1 7  1 6 . 6 0 . 4 1 . 7  ! 1 7 . 0 0 . 0 1 . 4 4 3
9 1 6 9 5 6 . 8 0 . 7 2 . 0  I 1 6 . 7 0 . 9 9 3 7 3
8 0 7 0 9  ! 1 0 . 3 1 . 7 l . o  ! 3 6 . 0 2 5 1 . 6 3 . 7
D 1 - S 5 5 6 1  | 9 . 1 0 . 7 2 - 7  1 1 9 . 3 0 . 7 5 . 7 5 . 9
1 0 1 6 0 8  I 8 . 1 0 - 2 0 . 3  i 1 4 . 1 0 . 0 0 . 7 4 . 9
6 8 6 8 6  1 9 . 9 0 . 4 4 . 8  i 1 7 . 8 0 . 1 1 3 . 7 2 8
D 2 - S 2 5 i 8  : 11.0 0 . 4 0 . 0  i 2 1 . 0 0 . 2 0 2 6 . 9
J S - 2 0 4 8 4  j 1 1 . 6 1 . 2 12 2 2 . 7 12 2 7 6 . 8
8 1 4 1 7  i 8 . 6 03 0.0 1 2 6 . 4 1 . 0 1 2 5 . 0
J S - 2 1 4 9 2  i 9 . 6 1 . 0 2 . 4  I 2 1 3 1 . 6 4 3 8 . 7
6 1 5 9 2  ! 2 0 . 4 1 . 2 5 . 6  | 2 6 . 9 1 . 0 1 0 . 1 2 7
D D 8 / 2 4 4 1  j 2 2 . 0 0 . 0 2 . 9  i 93 0 3 5 2 8 . 6
D D 8 / 1 4 4 7  | 1 0 . 5 0 . 2 0 . 7  | 1 4 . 3 0 . 7 0 . 4 1 3 . 9
J S - 1 1 5 9 2  ; 1 . 2 0.0 o . o  ! 4 . 2 0 . 0 0 3 3 . 2
J S - 2 2 5 4 5  ! 1 0 . 6 0 . 2 1 . 7  i 1 3 . 6 0 . 6 1 . 3 4 2
8 8 7 2 3  ! 5 . 7 0 . 4 2 3  | 2 0 . 7 0 3 6 . 9 6 . 8
D D 1 4 5 3  1 8 . 2 0 . 2 2 4  j 1 5 . 0 0 . 2 5 . 3 7 3
8 9 4 8 4  | 3 - 5 0 . 2 5 . 4  j 1 5 . 1 0 . 2 1 5 3 1 5 . 3
D D 4 - A / 1 4 5 0  I 8 . 4 1 . 6 0 . 2  j 1 0 . 0 0 . 7 0 . 9 9 . 8
D D 4 - A / 2 4 7 2  ! 2 9 . 7 0 . 0 0 . 0  i 2 8 0 . 0 0 . 0 2 5
D 3 - S 1 5 4 3  I 1 8 . 8 0 . 2 1 . 7  j 2 0 . 3 0 . 4 2 4 4 2
D D 2 n 4 9 8  i 0 . 2 0 . 0 0 . 0  I 2 4 0 . 0 0 . 0 6.4
D D 2 / 1 444 ! 4 . 7 0 . 0 0 . 0  | 1 3 . 7 0 . 0 0 . 2 1 5 . 3
D 1 5 - S 3 5 7 5  i 2 . 8 0 . 0  ^ 0 . 0  1 3 . 8 0 2 0 3 2 3
J S - 1 9 4 9 5  | 1 3 . 5 0 . 8 2 0  ] 2 2 4 0 . 4 4 . 6 5 . 1
D D 5 / 2 4 4 3  i 1 . 4 0 . 0 0 . 0  | 4 . 3 0 . 0 0 . 0 5 2
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D D S / l 452 I 9.3 j 0.4 0.0 i 16.2 1 0.9 1 0.0 14.2
D 2 - S 3 500 ' 6.4 i 0.0 0.2 1 10.8 0 . 0 j 0.0 1 3.0
D D 6 492 > 2.4 : o.o 0.0 ! 5.1 ; 0.4 0.0 i 9.3
6 0 607 17.6 1.2 2.1 28.2 i 1.0 ! 5.8 ! 3.6
P I 0 - S 4 541 5.4 : o.o 0.6 : 11.3 0.0 0.7 ! 6.1
8 3 612 10.5 0.5 1.1 i 34.2 0.7 ! 5.4 6.2
J S - 1 8 467 13.7 0.9 3.0 ! 27.6 ! 11 1 3.0 6.0
J S - 3 7 490 12.7 0.6 3.1 i 20.8 0.4 i 4.1 4.9
D 3 - S 2 542 13.1 1.1 0.0 22.3 : o.6 0.0 1 4 3
J S - 1 7 524 14.5 0.6 1.5 ' 21.2 0.8 3.6 1 5.9
8 6 648 9.3 0.2 2.6 i 233 0.3 8.2 1 7.9
D 4 - S 1 591 12.2 0.8 0.7 14 3 0 3 3.6 6.3
J S - 5 0 510 8.8 0.4 35 16.1 0 3 5.9 73
J S - 1 3 449 2-2 0.0 0.0 39 ° ° 0.0 39
D 2 - S 4 586 5.1 0.0 0.0 5.1 0.0 0.0 3.4
J S - 4 9 599 12.4 0.8 13 18.2 0.8 4.0 73
J S - 1 3 468 12.2 0.2 2.6 20.5 0.9 5.3 5.8
D 5 - S 1 499 12.8 1.2 3.8 22.0 0.6 6.4 4.6
J S - 4 2 496 9.3 0.4 3.2 18.1 0.2 3.6 4 . 4
J S - 4 1 517 10.1 0.4 1.2 21.7 0.2 4.6 5.6
D 3 - S 3 490 3.5 0.0 0.0 12.0 0.0 0.0 4.1
J S - I S 521 5.0 0.4 0.0 13.1 0 3 0.0 2.1
D 4 - S 2 574 8.0 0.3 0 3 12.7 0 3 1.7 8.4
D 9 - S 1 482 15.6 1.0 1.0 16.0 0.6 3.3 4.6
D 8 - S 1 481 12-5 1.7 1.5 12.9 1 . 0 3.7 6.0
D 1 0 - S 2 506 9 . 9 0.2 0.8 15.6 0.2 0.4 5.9
J S - 3 3 516 1.7 0.0 0.0 7 3 0.0 1.2 3.7
D 5 - S 2 571 10-5 0.0 0.7 13.1 0 3 0.7 4.6
D 4 - S 3 511 3.1 0.0 0.0 6.8 0.0 0-2 3.1
D 8 - S 2 469 13.2 0 3 1.7 13.0 0.0 1 2 3 5.1
D 9 - S 2 389 13.9 0.3 1.0 13.9 0 . 0 0.5 6.4
D 3 - S 4 418 3.8 0.0 0.0 7.4 0.0 0.0 4.3
D 5 - S 3 503 2.4 0.0 0.0 9.1 0 3 0.0 2.8
D 1 0 - S 3 496 1.0 0.0 0.0 1.6 0.0 0.2 1.4
D 1 2 - P 2 0 551 0.2 0.0 0.2 1.3 0.0 0.2 1.6
D 8 - S 3 407 2.2 0.0 0.0 7.4 0.0 0.0 3.7
D 4 - S 4 430 0.9 0.0 0.0 1.4 0.0 0.0 0.7
D 9 - S 3 286 6.3 0.0 0.0 6.3 0.0 0.0 1.7
D 1 2 - S 4 539 1 . 9 0 . 0 0.0 33 0.0 0.0 2.0
D S - S 4 64 0.0 0.0 0.0 0.0 0.0 0.0 1.6
D 6 - S 4 338 0.0 0.0 0.0 0.3 0.0 0.0 0.6
D S - S 4 286 2.8 0.0 0.0 3.8 0.0 0.0 1.0
J S - 2 8 452 0.4 0.0 0.0 3-5 0.0 0 . 0 2.2
J S - 3 9 395 0.3 0.0 0.0 1.0 0.0 0.0 0.3
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SAMPLE D. > D. i D estroyed Dy. CcB R a h , C o tid e Nypa Pollen/ • C h a r­
STATION wtth fu a r i  1 with p v r i t r ! p fc rto d ast i w tthpnM e ; eel i rootlet ' sp a re coal
<7c) 1 ( * ) (* > <%) ; (7c) (7c) 1 (7c) ! (51) ; (% ) r%>
123 1.7 0.0 9.8 0.0 i 20.2 0.0 2a ] 0.0 1.3 0.3
122 0.9 i 0.0 ! 12.5 ' 0.0 1 22.7 0.1 l.o ! o.o 0.7 ■ 0.7
27 0.0 2.9 ! 17.0 1 0.8 15.8 2.7 2.9 0.6 ! o a 0.6
18 0.0 ! 0a 15.5 0.7 1 17.9 1.2 2.7 i 05 1 1.0 0.7
IS 0.9 1 ZS 16.4 ; i.6 19.5 1.8 3.8 0.2 0.4 1 o a
20 0.8 0.8 13.4 i oa i 21a 1.3 2.9 0.4 i 1.3 ! 0.8
D16-S1 0.0 0.4 1 21.6 0.7 1 18.7 0.9 0.0 ; 0.0 1 14 i 2.7
D16-S4 0.0 i 0.4 14.8 0.0 15.2 0.6 ! 0.0 i 0.0 I 1.9 i 18
D16-P10 0.0 i 0.4 i 34.6 1.0 13.4 0.4 0.0 1 oa i 3.3 : 0.4
D16-S3 0.0 0.4 i 20.2 : o.o ! 7.9 0.8 0.0 i o.o i 1-7 3.8
D16-S2 0.0 i 0.8 ! 24.7 1 0.4 I 10.3 0.8 0.0 ! o.o ! 1.4 18
JS-35 0.0 0.4 34.2 0.4 1 115 1.1 i 0.0 i o.o i 35 i 3.3
121 1.0 i 0.0 14.4 i 0.0 i 27.9 0.6 1.0 ! 0.1 ! 0.7 1 0.1
4 0.0 ! 0.0 26.5 ; 0.0 18.0 ia 1 1.8 i 05 ! o.o 1.1
JS-2S 0.0 0.2 i 9.7 ! 0.0 7.5 0.4 0.0 : 0.0 : 3.i 19
5 0.0 ; 0.0 1 49.2 0.0 i 21.6 0.8 2.6 0.0 ! 0.3 > 1.0
6 0.5 i 0.0 i 53.1 ! 0.0 1 115 1.7 i 1.9 i 0.0 i o a ! 0.7
8 0.0 i 0.0 45.9 0.0 i i5 a 0.8 i 2.4 ! 0.3 I 0.3 1 9
48 0.2 j 0.0 I 4.3 0.0 ! 17.5 0.5 1 0.3 ; o.o i 15 i 0.3
7 1.3 ! 0.0 i 9.4 j 0.0 I 14.1 1.1 i 4.7 ; 0.0 I 0.4 | 0.0
21 I.l 1 0.7 i 12.6 ! 0.7 i 21.7 1.5 1 3.3 0.4 i 0.4 1.1
HWS-1/1 0.0 j 0.0 I 21.6 I 0.0 ! 3.6 4.9 ! 28.8 0.0 i 8.1 | 0.4
HWS-W 0.0 ; 0.0 8.6 i 0.0 I 0.8 4.1 ' 49.1 0.0 i 10.6 i 0.4
HWS-1/6 0.0 I 0.0 i 18.0 ! o.o I 0.6 4.5 I 32.7 0.0 s a i 0.0
HWS-1/7 0.0 i 0.0 i 20.3 ! 0.0 i 0 5  ! 4.9 ! 40.0 0.0 15.0 ! o a
28 0.9 ! 3.8 ; i2 .i i 3.i i 22.1 ! 1.1 1 1.6 0.2 0.7 i 0.4
120 0 . 2 I 0 . 0 j 11.7 ! o.o 1 17.3 ; oa ! 1.6 0.0 0.9 0 . 0
10 0.5 I 1.4 9.1 1 0.0 15.8 | 2.4 i 2.1 0.5 05 0 5
12 1.3 ! 1.3 13.0 1 0.4 28.3 I I.l I 2.9 0.4 0.9 0 . 2
23 0.6 1 1.2 11.8 i 0.4 19.7 j oa 1 2a 0.2 0.2 i 0.4
47 0.5 i 0.0 12.1 ! o.o 15.6 | 0.5 ! 2.0 0.0 0 5 0.0
24 0 . 2 ! 0-5 19.1 : 0.3 37.4 : 1.0 1.0 o a 05 0.3
ATCF 0.0 0.0 62.6 0.0 3.3 1.0 l a 5.7 oa 0.0
PBFD z s ! o.o 46.9 i 0.0 2.1 1 0.7 3.0 o a 05 0.0
13 1.1 0.0 9.3 0.0 29.0 j 1.7 2.3 0.0 1.0 0.0
HWS-2/1 0.0 0.0 3.9 0 . 0 0.0 | 4.1 53.6 0 . 0 12.0 0.2
HWS-2/3 0 . 0 0 . 0 2.2 0.0 o a  i 55 44a o a 12.4 0 . 0
HWS-2/4 0 . 0 0 . 0 3.2 0 . 0 0.2 ! 6.9 41.8 0 . 0 11.8 0.2
HWS-2/2 4.8 0 . 0 19.8 0.4 0.4 I 1.3 8.4 8.6 1.3 0 . 0
25 0 . 0 5 - 5 18.5 7.7 22a  ! 0.7 i a 0.4 0.4 0 . 0
113 1.2 0.3 20a 0 . 2 22.6 1 05 1.0 0 . 0 0.7 0 . 0
46 0.7 0 . 0 12a 0 . 0 18.8 j 1.0 1.9 0 . 0 oa o a
29 0.3 0.7 9 J 0 . 0 26.5 i 15 1.6 o a 0.7 0.0
NPI-A 0.8 0.0 365 0.0 2-7 | 25 6 5 0.0 35 0.0
CBTD-1 4 2 0.0 44.8 0.0 4.9 i 05 0.0 o a 05 0.0
CBTD-3 3.3 1.7 34.8 z s 6.9 i 1.0 4 . 8 25 25 1.3
NPI-D 0.2 0 . 0 29.0 0 . 0 0.4 i 3 . 3 7.1 o a 17 o a
H w s-an 0.6 0 . 0 55^ 0 . 0 9 a  i 1.8 3.7 3.1 i a 0 . 0
HWS-3/2 2.1 0 . 0 57.8 0 . 0
00 1.3 2.6 6.6 0.9 0.2
112 1.1 0 . 0 20.0 oa 20.9 I 0 . 0 0.7 0.0 1.1 0.0
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4 5 0 . 7 0 . 0 1 6 . 6 0 . 0 2 0 . 1 1 . 0 1 . 8 0 . 0 0 . 3 ! 0 . 8
3 0 1 2 1 1 IS 0 . 8 ' 2 6 . 4 1 2 2 2 0 2 I 0 2 0 . 0
1 1 9 0 . 0 0 . 2 1 8 . 2 0 . 7 8 . 2 i 0 . 7 6 2 0 . 0 , 5 . 7 1 1 - 8
5 4 1 . 0 2 . 1 1 9 . 9 1 . 6 2 0 . 4 0 . 6 ! 1 - 0 ! 0 2 ! 0 2 i 0 2
1 1 1 0 . 2 : 3 . 7 1 9 . 8 ! 4 2 1 5 . 0 0 . 4 0 . 9 i 0 . 4 0 . 4 i 0 . 2
D l - S l 0 . 0 0 . 0 1 8 . 7 0 . 3 9 . 7 1 . 8 0 . 0 0 . 0 ' 3 . 0 1 2
3 3 0 . 3 : o . s 9 . 4 0 . 0 2 6 . 3 i 0 . 8 1 . 6 0 . 0 ! 0 . 8 0 2
L B I - B 1 . 4 0 . 0 2 SS ; o . o i 2 0 . 5 9 . 1 3 . 6 0 . 2 ; 1 . 6 0 . 2
4 4 1 . 3 0 . 0 1 7 . 0 ! 0 . 0 1 8 . 7 i 1 - 0 1 2 0 . 0 0 . 3 ; 0 - 3
3 4 0 . 3 0 . 7 1 1 . 5 ! 0 . 7 i 3 4  2 ! 0 . 5 ‘ 1 . 0 0 . 1 ' 0 2 1 1 . 0
5 0 2 . 1 i 2 . 9 1 4 . 1 1 2 3 1 9 . 1 I 0 . 6 ! 1 . 1 ! 1 . 9 I 0 . 8 I 0 . 3
3 5 OS 4 . 1 9 . 5 3 . 6 1 2 3 . 0 0 . 7 3 . 1 1 . 0 0 . 3 0 2
3 6 0 . 1 0 . 3 1 8 . 4 1 - 2 : 3 i . 8 0 . 7 i 0 . 6 ! 0 . 7 : 0 . 4 i 0 . 7
4 9 2 . 2 4 . 6 1 4 . 0 i 3 . 0 ! 2 1 . 5 ! 0 . 6 1 2 2 7 0 . 6 i 0 . 1
I B - 2 / 1 2 . 0 0 . 0 3 0 . 3 0 . 1 0 . 6 0 . 6 2 1 ; 6 . i i 1 - 5 i 0 . 0
I B - 2 / 2 2 . 3 0 . 0 6 6 . 8 ! 0 . 0 0 . 3 0 . 4 1 . 4 5 . 0 0 . 9 i 0 . 1
J S - 2 4 0 . 2 1 . 3 3 2 - 5 ■ 0 . 9 7 . 6 0 . 4 i 0 . 0 0 2 1 2 8 i 2 2
7 5 0 . 1 4 . 7 1 3 . 6 ; 4 . 7 2 8 . 2 0 . 4 1 0 . 1 2 1 I 0 . 1 ! 0 . 3
5 3 1 . 3 < 2 - 5 ' 2 1 . 1 i 1 . 9 2 1 . 1 0 2 ; 1 . 6 0 2 ; o . 8 1 0 . 3
5 2 0 2 i 0 . 8 ; 2 1 . 1 i 1 . 6 1 2 1 . 9 0 . 3 ! 1 . 3 0 . 0 1 . 3 1 0 . 0
5 1 OS 5 . 9 I 1 2 . 7 ! 5 . 0 i 2 1 5 0 . 8 ! 1 . 9 1 . 1 0 . 6 ! 0 . 8
7 4 0 . 2 : 3 . o ! 1 3 . 6 4 . 2 ; 2 4 . 1 0 . 8 I 0 . 9 0 . 6 ! 0 2 1 0 2
D T C - 1 / 1 2 . 7 i 0 . 0 i 7 1 . 8 0 . 0 1 . 5 0 2 ! 0 . 4 3 2 | 0 . 0 i 0 . 0
D T C - 1 / 2 2 . 0 ! o . o ! 7 4 . 0 0 . 0 ; 2 0 0 2 i 1 . 3 6 . 7 1 0 . 0 |  0 . 0
C B T D - 9 3 . 0 ! 0 . 0 5 1 . 3 1 0 . 0 i 1 6 . 0 0 2 1 1 . 0 0 . 6 ! 0 2 ! o . o
C B T D - 8 / 1 1 . 1 j 0 . 0 ! 2 5 . 3 0 . 0 I 5 . 1 1 . 1 i 3 . 6 0 2 i 2 1 0 . 0
C B T D - 8 / 2 1 . 3 ! o . o ! 3 6 . 5 0 . 0 i 6 - 4 1 . 1 1 5 2 0 . 7 ! l ^ 0 . 0
6 5 1 . 0 1 0 . 0 ! 1 1 . 1 0 . 0 1 4 . 6 1 2 4 . 0 0 . 0 1 . 0 0 2
9 5 0 . 2 1 3 . 8 ! 3 5 . 4 5 . 4 2 5 . 6 0 . 0 0 2 0 2 ! o . o 0 2
D 1 - S 2 0 . 2 0 . 0 1 6 . 1 0 . 0 2 6 2 4 2 0 2 0 . 4 5 2 2 2
7 6 0 . 1 1 0 . 0 1 5 . 4 0 . 0 3 1 . 9 1 . 4 1 . 3 0 . 1 0 . 4 1 3
1 0 8 0 . 0 1 . 9 3 8 . 8 7 . 4 2 7 . 5 0 . 6 0 2 0 . 0 1 . 1 0 . 3
I B - 5 6 . 8 1 . 1 4 3 . 2 2 5 3.4 0 2 1 . 8 7 . 3 1 . 1 0 . 0
1 1 5 0 . 3 0 . 6 1 1 . 4 1 . 4 3 4 . 4 0 . 6 0 . 0 0 . 3 2 0 0 . 0
1 1 8 0 . 3 12 3 8 . 8 3 . 7 3 3 . 6 0 . 4 0 . 7 0 . 1 1 . 0 0 . 3
9 4 0 . 3 0 . 8 1 7 . 1 0 . 6 2 8 . 2 OS 0 . 9 0 . 0 0 . 2 0 . 3
I B - 3 6 . 0 4.4 4 3 2 1 3 . 6 3 . 4 02 0 . 8 4 . 2 1 . 0 0 . 0
9 7 0 . 5 4 . 5 2 1 5 7 . 8 1 6 . 4
*
0 . 3 0 2 1 . 8 1 . 0 0 . 7
I B - 4 12 2 . 8 4 5 3 1 4 . 7 6 . 0 0 . 3 0 . 7 7 2 0 2 0 . 1
1 0 7 0 . 0 2 . 3 2 7 . 7 1 . 0 3 0 2 0 . 6 0 . 4 0 . 3 0 . 0 0 . 3
64 0 . 3 0 . 2 1 1 . 4 0 . 2 2 0 . 5 1 . 7 2 2 0 . 2 1 . 1 0 2
5 5 0 . 8 1 . 3 1 6 . 0 1 . 3 2 5 . 9 1 . 1 0 . 8 0 . 0 0 . 3 0 2
98 0 . 0 1 . 9 2 2 - 5 3 . 3 2 6 . 8 0 2 0 . 3 0 . 3 0 2 0 . 0
D T C - 2 3  S 1 . 4 5 3 . 4 2 6 S S 0 . 6 1 . 4 2 0 0 . 6 0 . 4
D T C - 3 7.1 0 . 6 5 2 2 2 4 S.l 0 . 4 2 0 4 . 7 1 . 4 0 2
7 7 0 . 3 2 . 0 2 7 1 5 2 0 . 3
M  !
0 . 8 0 . 3 0 2
D T C - 4 2 . 9 3 . 8 4 9 . 3 1 5 . 1 1 0 . 0 0 . 9 0 2  | 5 2 0 2 0 . 0
P B T D - 2 4 . 8 22 3 1 . 9 4.4 4.4 1 . 4 2 2  1 1 . 6 0 . 4 0 . 4
3 7 12 1 . 9 1 0 . 6 1 . 4 1 4 . 0  j 1.4 1.0 1 0.0 0 2 0 2
7 1 0.6 1 . 0 1 3 . 5 1 . 9 1 9 . 8 0.8 1 . 1  1 0.8 0 . 3 0 . 6
78 1 . 1 0 . 4 1 3 . 3 0.0 1 6 . 9  j 0 2 0 . 9  j 0 . 4 0 2 0 2
99 0 . 4 1 . 0 2 0 . 5 1 . 4 1 0 . 1  ! 0.0 0 . 4 0 . 4 0.8 0 2
1 1 6 0 . 1 2 . 4 2 0 . 9 2 5 3 2 6  ! 0 . 6 0 . 1  I 0 . 3 1 . 4 0 . 1
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D T C - 6 4 . 4 i 0 . 6 5 6 . 9 1 . 5 7  3 0 . 8 i 0 . 8 7 . 6 0 . 8 0 2
1 0 5 0 . 0 : 1 . 9 2 9 . 6 1 . 9 2 6 . 1 0 . 2 : 0 . 6 0 . 2 0 2 0 . 0
D 1 - S 3 0 . 0 0 . 3 1 7 - 2 0 . 0 1 7 . 5 A S 0 . 0 0 . 0 3 . 9 2 1
5 6 0 3 2 . 7 2 0 . 7 1 8 2 2 - 5 1 . 3 , 0 . 6 1 . 6 : 0 . 3 0 . 2
9 3 0 . 7 1 . 5 ! 2 4 . 5 1 . 8 2 2 . 8 0 . 4 ! 0 . 7 0 . 4 i 0 2 0 . 0
5 7 0 . 5 2 . 1 1 6 . 2 2 . 0 2 5 . 0 0 . 8 2 1 0 . 3 0 . 6 0 . 8
9 2 0 . 3 0 . 5 4 6 . 3 0 . 7 1 6 . 9 0 . 0 0 2 0 . 0 0 . 3 0 . 2
1 0 4 0 . 0 4 . 6 2 2 . 0 7 . 3 2 2 . 0 0 . 7 0 3 ! 0 3 0 . 7 0 . 0
6 3 1 . 7 0 . 8 1 3 . 2 0 . 3 2 1 . 6 1 3 1 . 8 0 . 2 1 2 0 2
7 9 1 . 0 2 . 2 9 . 7 1 . 2 1 7 . 4 0 3 3 2 0 . 0 0 . 8 0 . 0
P B T D - 3 5 . 6 3 . 5 3 8 . 9 6 . 0 3 . 5 0 . 0 ' 2 3 ! 5 . 6 2 9 0 . 0
6 9 0 . 1 1 . 0 1 5 . 0 2 . 8 2 8 . 0 1 . 9 0 . 7 0 . 1 1 . 3 0 . 1
I B - 6 / 1 7 . 7 2 . 9 3 5 . 3 1 1 . 9 6 . 7 1 . 0 1 3 ! 7 . 1 i 1 - 2 0 . 2
I B - 6 / 2 9 . 3 0 . 0 ! 4 0 . 9 0 . 0 2 . 9 0 . 7 2 9 1 7 . 8 0 . 9 0 . 0
D 1 5 - S 1 0 . 0 1 - 2 2 8 . 3 0 . 7 2 0 . 0 i 1 . 6 i 0 . 0 0 . 4 2 3 2 5
D 2 - S 1 0 . 2 1 . 5 2 6 . 7 0 . 2 1 2 . 8 2 8 0 . 0 0 . 0 3 . 6 0 . 6
1 0 0 0 . 5 0 . 0 2 0 . 9 0 . 0 i 7 . 9 I 1 . 0 ; o.o ; 0 . 0 5 . 8 0 . 0
D 1 - S 4 0 . 1 0 . 1 3 0  3 0 . 3 9 . 6 1 4 . 9 o.l ! 0 . 0 i 3 . 1 1 . 2
D T C - 5 5 . 4 0 . 0 5 0 3 0 . 4 8 . 1 ! 1 . 0 1 . 7 ! 1 . 7 ! 0 . 6 0 . 2
V Y P A 6 . 1 0 . 0 3 1 . 4 0 . 0 ! 1 2  3 i 0 . 4 I 2 0 i 0 . 2 1 0 . 4 0 . 4
C B T D - 1 1 2 . 1 0 . 0 5 7 . 4 0 . 2 35 i 0 . 2 1 0 3 i o.o ! i .i 0 . 0
6 2 0 . 7 1 . 7 i 1 1 - 5 1 . 0 1 4 . 1 ; t.o i 1 3 ! 0 . 3 i 0 . 7 0 . 0
C B T D - 1 2 3 . 8 0 . 4 > 4 2 . 6 0 . 2 ! 7 3 I 0 . 4 i i . 3 ! 0 2 , 0 . 9 0 . 0
C B T D - I 3 2 . 0 0 . 0 i 3 2 . 8 0 . 4 : 5 - 5 ! 0 . 4 ! 1 . 8 1 2 0 i 1 . 3 0 . 0
1 0 2 0 2 0 3 2 7 . 9 2 . 1 1 2 3 . 8 1 0 . 7 ! 0 . 3 ! 0 3 1 0 . 3 0 . 0
5 8 0 . 0 2 - 9 ! i i . o 5 . 5 1 2 3 . 3 i 0 . 2 1 1 . 5 i 0 3 ! i.o 0 2
C B T D - 1 4 1 . 9 0 . 0 ; 3 3 . 9 0 . 0 1 7 . 7 1 0 . 8 1 . 7 I 0 . 0 I 0 . 6 0 2
1 1 7 0 . 3 1 . 3 i 1 9 . 0 1 . 3 i 3 8 . 2 i 1 - 1 0 . 1 | 0 . 0 i 2 0 0 . 4
9 1 0 . 6 4 . 9 ! 2 0 . 1 2 . 6 I 2 1 . 6 ! 0 . 4 1 . 0 ! o.i 1 0 . 4 0 . 1
8 0 1 . 3 0 . 8 i 9 . 6 0 . 0 I 2 2 . 3 0 . 7 1 . 1 ! 0 . 0 0 . 6 0 . 1
D 1 - S 5 1 . 1 1 . 4 ! 2 3 . 4 3 . 0 i 1 7 . 5 ! 1 . 8 0 2 0 . 0 0 2 0 . 4
1 0 1 0 . 5 0 . 3 1 2 4 . 0 1 . 0 i 3 6 . 5 i 0 . 7 0 . 3 0 . 3 1 2 0 . 0
6 8 0 . 4 2 . 3 I 8 . 3  | 4 . 1 ! 2 5 . 2 1 . 0 1 . 6 0 . 4 1 2 0 . 3
D 2 - S 2 0 . 0 0 . 0 2 1 . 2  ! 0 . 0 1 8 . 0 1 . 9 0 . 4 0 . 0 A  Q2 - 9 1 2
J S - 2 0 1 . 2 1 . 4 2 8 . 3  | 1 . 0 i 1 ^ 2 0 . 4 0 . 4 0 . 4 1 . 4 0 . 0
8 1 0 . 5 03 1 2 4 . 9  i 1 . 0 2 3 . 3 0 3 1 2 0 . 0 0 3 0 3
J S - 2 1 0 . 6 1 . 0 1 2 8 . 3  ! 1 . 6 1 1 . 6 0 . 6 0 . 4 0 . 4 0 . 2 0 . 6
6 1 0 . 3  ! 13 9 . 8  | 0 . 3 1 1 . 5 0 3 1 . 7 0 . 3 0 3  ! 0 . 2
D D 8 / 2 1 . 8  i 7 . 3 i 2 5 . 2  i 8 . 6 3 . 9 0 . 7 0 3 1 . 8 0 2  1 0 . 0
D D 8 / 1 03 j 1 . 6 4 6 . 1  | 1 . 6 1 . 8 0 . 9 1 . 3 0 . 2 2 0  | 1 . 1
J S - 1 1 0 . 0  1 0 . 0 2 6 . 4  ! 0 . 5 2 6 . 9 2 0 0 . 0 0 . 0 2 5  i 3 . 0
J S - 2 2 0 . 4  i 0 . 4 2 8 . 8 0 . 9 2 0 . 7 1 3 0 . 0 0 . 2 1 - 7  ! 0 . 6
8 8 0 . 3  I 3 . 3 1 3 . 8  ! 3 . 2 3 2 . 4 0 . 4 0 . 4 0 . 4 1 . 1  i 0 . 0
D D 1 0 . 4  ! 4 . 0 3 6 . 4  1 6 . 6 5 . 7 0 . 7 4 . 2 0 . 2 0 . 4  | 0 . 0
8 9 0 . 0  i 1 5 . 5 2 2 . 3 2 . 9 0 . 0 1 . 0 0 . 8 1 . 0 0 . 4  i 0 . 4
D I M - A / 1 2 . 4  | 0 . 4 4 7 . 1  | 1 . 1 63 1 . 3 2 0 0 2 n  i . i  i 0 . 0
D I M - A / 2 0 . 0  ! 0 . 0 6 3 . 1  i 0 . 0 0 . 0 0 . 4 1 . 1 0 2 0 . 0  1 0 2
D 3 - S 1 0 . 0  ! 0 . 7 2 3 3  | 0 . 6 1 4 . 5 0 . 4 0 2 0 2 0 . 7  | 1 . 3
D D 2 / 2 0 . 6  ; 0 . 0 8 1 . 7  | 0 . 0 *4 0 . 0 0 . 4 0 . 0 1 2 0 . 0
D D 2 / 1 0 . 7  ! 0 . 0 5 7 . 0  | 0 . 0 30 1 . 4 0 . 7 0 . 0 1 . 6  1 0 . 0
D 1 5 - S 3 0 . 0  | 0 . 0 2 5 . 4  ! 0 . 3 2 1 . 0 3 . 0 0 . 0 0 . 0 3 . 1  j 2 6
J S - 1 9 0 . 6  i 1 . 4 2 5 . 3  i 1 . 6 1 1 . 9 0 . 6 0 . 0 0 . 0 1 . 4  | 0 2
D D 5 / 2 0 . 2  ! 0 . 0 8 0 . 6  ! 0 . 5 2 . 0 0 2 1 . 1 0 . 0 ! 0 . 0
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DDS/1 2.9 i 0.2 39.6 0.0 i 4.4 1.3 4.4 ! 0 2 0.7 i 0 2
D2-S3 0.4 ! 0.4 29.8 0.4 10.4 3.0 0.6 ! o.o 3.6 2 6
DD6 1.0 0.2 64.0 0.6 1 3.0 2 0 4.5 ! o.o i 2 0 i 0.6
60 0 2 0.8 11.0 2 0 16.8 0.7 1.5 ! 0.2 1 0 2 : o.3
P10-S4 0.0 0.0 25.3 oa i 9.8 0.9 0.0 0.0 ' 3.9 ! 3.7
83 0.2 1.1 9.6 1.0 ! 20.6 0.3 1.1 ! 0.0 1.0 i 0.0
JS -I8 0.4 i 1.3 26.3 1.1 7.9 0.4 0 2 ■ 0.0 0.6 0.0
JS-37 0.0 1.0 32.4 1.8 11.2 0.6 0.2 i 0.0 0.6 0 2
D3-S2 0.6 0.0 18.5 0.0 11-3 1.3 0.6 ! 0 2 2 2 ! 0.6
JS-17 0.0 0.4 23.1 0.6 ! 16.8 0.6 0.0 ! o.o ! l.o i 0.4
86 0.3 1.7 13.9 1.4 ! 27.8 0.5 0 2 ! 0.3 ! 0.5 ' 0.0
D4-S1 0.3 1.0 28.9 3 a ! 15.2 2 5 0 2 ! o.o ! 1.2 ! 0 2
JS-50 0.6 4.1 29.8 2 5 13.3 0.4 0.6 1 0.0 12 ! 0.4
JS-13 0.0 0.2 14.0 0.0 ! 7.1 0.7 0.0 1 0.0 I 4.0 ! i .i
D2-S4 0.0 0.0 24.4 0.0 19.8 2 4 0.0 i 0.0 1 2 0 i 3.4
JS-49 0.3 1.7 24.9 1.0 i 18.7 0.3 0.2 0.0 1.7 i 0.3
JS-43 0.0 1.7 28.2 26 i 128 0.2 1.1 0 2 0.9 i 0.0
D5-S1 1.0 2.0 21.6 0.4 1 13.6 0.4 0.8 0.0 0.8 ! 0 2
JS-42 0.4 2.4 34.7 2 4 1 13.1 0.6 0.6 0.4 1.0 ! 0.4
JS-41 0.4 0.6 35.0 1.9 1 14.1 0.0 0.4 0.0 12 | 0 2
D3-S3 0.2 0.0 26.7 0.0 i 7.8 1.6 i 0.0 0 2 3.1 I 2 9
JS-15 0.0 0.0 31.1 0.0 i 17.3 1.0 | 0.0 0 2 3.6 i 1 2
D4-S2 0.9 0-7 23.3 0.0 I 162 3.1 ! 0.0 0.2 3.1 ! 2.6
D9-S1 0.6 1.2 25.7 1 0.0 ; 12.4 1.7 j 1.2 0.0 2-1 i i.7
D8-S1 0.8 2.3 | 28.1 I 23 | 15.0 0.8 | 0.8 0 2 12 0.4
DIO-S2 0.2 0.2 1 23.9 | 0.4 123 1.4 | 0.0 0.4 2 6 2 0
JS-33 0.0 0.0 3021 : 0.0 21.9 j 3.3 | 0.0 0 2 6.0 9.7
D5-S2 0.0 0 2  ! 24.5 I 0.4 11.4 | 21 ! 0 2 0 2 1.8 21
D4-S3 0.4 0.2 i 22-5 | 0.0 123 | 2 5  i 0.0 0.0 3.9 1.6
DS-S2 0.0 0.2 ! 28.4 | 0.0 10.9 ! 2 3  | 0.0 0 2 2 8 3.4
D9-S2 0.0 0.3 1 31.4 1 0.0 121 i 1.0 i 0.0 0 2 1.8 1-5
D3-S4 0.0 0.0 j 28.2 1 oa 8.4 | 3.3 j 0.0 0.0 11.0 6.0
D5-S3 0.0 0.0 i 34.8 | 0.0 16.1 i 4.0 j 0.4 0.0 123 9.9
D10-S3 0.0 0.0 I 6-7 | 0.0 3-6 | 0.4 ! 0.0 0.0 0.8 1.2
D12-P20 0.0 0.0 | 12.2 ! 0.0 4.7 I 0.7 j 0.0 0.0 12 1.3
D8-S3 0.0 i 0.0 ! 34.4 i 0.0 8.1 ! 2 9  i 0.0 0 2 16.7 9.8
D4-S4 0.5 02 ! 6.7  i 0.0 1.9 j o.o ; 0.0 0.0 12 1.4
D9-S3 0.0 ! o.o ! 10.8 I 0.0 3-5 ! i-7 ! 0.0 0.0 4.9 1.0
D12-S4 0.0 1 0.0 j 24.7 I 0.0 ;7.6 t 1.9 i 0.0 0.0 12 2 6
D5-S4 0.0 j 0.0 I 17.2 1 0.0 3.1 i 6.3 | o.o ! 0.0 1.6 15.6
D6-S4 0.0 | 0 .0 ‘ 3 .0 ! 0.0 1.5 i 0.3 ! 0.0 1 0.0 0.9 0.6
D8-S4 0.0 1 0.0 i 21.0 | 0.0 3.1 1 l.o  i o.o ! 0.0 8.4 5 2
JS-28 o.o ! 0.0 I 5.3 i 0.0 4 2  ' 0 2  i 0.0 ; 0.2 4.4 1.3
JS-39 0.0 1 0.0 1 3.5 ! 0.0 3.0 1 o.o ! 0.3 1 0.0 12 0.3
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SA M PLE Fun sa l F « » p l A rthropod T hin Zoo- Foram Copepod ! Dfaso- Tiathum-
STATION spore hyphae r r n h i sheet d a s t i Maine e s s 1 CTSt nmrph
(5i> (%> ( * ) ‘ (* > (* > r«i> : (%> (51) (51)
123 1.7 4 5 1-3 0.0 0.0 1 0.0 1 0.0 0.0 0.0
122 2.7 6.6 0.9 0.0 0.0 0.0 1 0.0 1 0.0 0.0
27 0.0 0.0 0.0 ; o.o 0.0 0.0 ' 0.0 0.0 0.0
18 1.2 0.7 03 i 0.0 0 5 0.0 0.0 ! o.o 0.0
15 1.1 3.1 0.7 0.0 o z 0.0 0.0 0.0 0.0
20 1-3 3.2 0.8 0.0 1 0.0 0.0 ; o.o ! o.o 0.0
D16-S1 1.6 0.5 13 ! OZ 24.2 Z9 i 2 5 ! o.o 0.0
D16-S4 1.1 ! 0.6 1.9 ' 1.9 i 41.3 1 3.4 15 : o.4 0.0
D 16-PI0 0.8 1.8 0.4 0.4 ! 1.6 0.0 1 0.4 j 0.0 0.0
D16-S3 1.3 0.4 1.7 i 9.0 ' 225 53 i 1.7 ! 0.4 0.0
D16-S2 0.6 0.2 1.4 5.6 145 I 3Z : 1.8 i 0.6 o z
JS-35 1.5 0.2 0.7 i o z 15.2 i 1-3 ! o z i o z 0.0
121 1.6 1.3 0.9 i 0.0 ! 0.0 0.0 i 0.0 ! 0.0 0.0
4 0.0 0.0 0.0 ! 0.0 0.0 0.0 1 0.0 I 0.0 0.0
JS-25 0.7 0.2 1.8 1 6.0 52Z 4.9 ‘ 0.9 0.9 o z
5 0.0 0.3 ; 0.0 i 0.0 0.0 0.0 0.0 j 0.0 0.0
6 0.0 0.7 0.7 1 0.0 0.0 i o.o 0.0 i 0.0 i o z
8 0.3 1.3 0.3 0.0 I 0.0 i 0.0 1 0.0 I 0.0 1 0.0
48 2.0 5.9 0.5 ! 0.0 i 0.0 i 0.0 1 0.0 ; o.o ! 0.0
7 1.3 3.4 0.9 1 0.0 ; o.o I 0.0 i 0.0 I 0.0 1 0.0
21 1.1 4.6 | 1.3 ! o.o i 0.0 0.0 i 0.0 ! o.o ! o z
HW S-1/1 0.5 2.3 : 0.9 1 0.0 0.0 j 0.0 1 0.0 I 0.0 1 0.0
HW S-1/2 0-2 3.3 1 03 ! o.o I 0.0 ' 0.0 | 0.0 ! o.o i 0.0
HW S-1/6 0.6 3.7 i 0.6 I 0.0 ’ 0.0 i 0.0 ! o.o 1 0.0 I 0.0
HAVS-1/7 0-2 2.8 : OZ | 0.0 1 0.0 i 0.0 1 0.0 i 0.0 1 0.0
28 2.2 2.7 I OZ ! o.o 1 0.0 i 0.0 0.0 i 0.0 i 0.0
120 1.2 ! 6.0 1.6 | 0.0 | 0.0 1 0.0 0.0 ! 0.0 i 0.0
10 1.2 I 5 3  ; 1.0 ! o.o i 0.0 ! o.o 0.0 1 0.0 i 0.0
12 1.8 I 2.0 ' 1.1 I 0.0 i 0.0 j 0.0 0.0 i 0.0 j 0.0
23 1.2 ! 3.9 | 0.8 i 0.0 I 0.0 1 0.0 0.0 j 0.0 | 0.0
47 1.4 i 5.6 | 1.2 I 0.0 ! o.o ! o.o 0.0 i 0.0 I 0.0
24 0 5  i 1.8 | 0.3 I 0.0 0.0 0.0 0.0 0.0 i 0.0
a t c f 0.4 03. ! 0.0 0.0 0.0 0.0 0.0 o.o ! 0.0
PBFD 1.4 1.6 i OZ 0.0 0.0 0.0 0.0 o.o ! 0.0
13 1.3 j 23 ! OZ 0.0 0.0 0.0 0.0 0.0 i 0.0
HW S-2/I 0.0 j 3.5 j OZ 0.0 0.0 0.0 0.0 0.0 ! 0.0
HYVS-2/3 0.4 1 3.5 i 0.0 0.0 0.0 0.0 0.0 0.0 1 0.0
HW S-2/4 15 2.1 : 0.0 0.0 0.0 0.0 0.0 0.0 i 0.0
HW S-2/2 3.2 ! 1-1 I 0.0 0.0 0.0 0.0 0.0 o.o ! 0.0
25 0.5 I z o  ! 03 0.0 0.0 0.0 0.0 0.0 1 0.0
113 0.9 ' 6.0  | 03 0.0 0.0 0.0 0.0 0.0 ! 0.0
46 1.0 | 3.8 ! 03 0.0 0.0 0.0 0.0 0.0 ! 0.0
29 1.0 3.8 ! 0.8 0.0 0.0 0.0 0.0 0.0 1 0.0
N PI-A o.o ; 7-5 ! 0.0 0.0 0.0 0.0 0.0 0.0 ! 0.0
CBTD-1 0.9 i 4 .0  ! OZ 0.0 0.0 0.0 0.0 0.0 I 0.0
CBTD-3 2.1 1 1.3 0.4 0.0 0.0 0.0 0.0 0.0 1 0.0
NPI-D o z  ! 6.4 | 0.2 0.0 0.0 0.0 0.0 0.0 j 0.0
HWS-3T1 1-4 I 2-2 [ 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
HWS-3T2 0.6 | 3.0 | OZ 0.0 0.0 0.0 0.0 0.0 i 0.0
112 0.5 I 5.8 I 0.9 0.0 0.0 0.0 0.0 0.0 i 0.0
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45 1.7 2.2 0.8 0.0 0.0 0.0 0.0 0.0 0.0
30 1.7 4.7 1.1 0.0 0.0 0.0 0.0 0.0 0.0
119 0.5 4.5 1-5 0.0 0.0 0.0 0.0 0.0 0.0
54 1.6 3.8 1.4 0.0 0.0 0.0 0.0 0.0 0.0
111 1.2 3.2 0.5 0.0 0.0 0.0 0.0 0.0 0.0
D l-S l 1.5 0.3 1.2 5.4 15.1 1.2 2.4 0.3 0.3
33 1.9 4.1 0.3 0.0 0-2 0.0 0.0 0.0 ! 0.0
LBI-B 0.5 2.9 0.4 0.0 0.0 0.0 0.0 0.0 0.0
44 1.5 3.9 0.8 0.0 0.0 0.0 0.0 0.0 ! 0.0
34 0.7 1.8 0.5 0.0 0.0 0.0 0.0 0.0 0.0
50 1.3 3-2 1.4 ; 0.0 02 0.0 0.0 0.0 0.0
35 1.5 3.1 0.2 0.0 0.0 0.0 0.0 0.0 i 0.0
36 1.0 2.3 1.0 0.0 0.3 1 0.0 0.0 0.0 ; o.o
49 1.6 3.9 0.0 0.0 0.3 0.0 0.1 ! 0.0 0.0
IB-2/1 0.8 0.6 0.3 0.0 0.0 1 0.0 0.0 1 0.0 1 0.0
IB-2/2 1.9 0.6 0.2 0.0 0.0 i 0.0 0.0 0.0 0.0
JS-24 1.1 0.9 0.2 0.7 7.8 1.7 0 2 0.0 i 0.0
75 1.5 1.0 0.4 0.0 0.0 0.0 0.0 0.0 1 0.0
53 1.9 4.1 1.4 0.0 0.0 0.0 0.0 0.0 0.0
52 1.4 3.3 ; 0.5 0.0 0.0 ! 0.0 0.0 ! 0.0 ! 0.0
51 1.4 1.3 0.5 0.0 0.0 0.0 0.0 ; o.o 0.0
74 1.1 2.8 0.2 0.0 0.2 0.0 0.0 i  0.0 i 0.0
DTC-1/1 2.7 6.3 i 0.0 0.0 0.0 0.0 0.0 i 0.0 0.0
DTC-1/2 2.4 1.8 ; 0.2 0.0 0.0 0.0 0.0 ! o.o 0.0
CBTD-9 1.6 2.6 0.2 0.0 0.0 0.0 0.0 0.0 0.0
CBTD-8/1 0.6 10.6 I 0.4 0.0 0.0 0.0 0.0 0.0 0.0
CBTD-8/2 0.7 12.3 0.2 0.0 0.0 0.0 0.0 0.0 0.0
65 2.0 2.3 j 0.8 0.0 0.0 0.0 0.0 0.0 0.0
95 0.8 o s  i 0.3 0.0 0.0 0.0 0.0 0.0 0.0
D1-S2 4.0 0.9 i 1.5 2.4 i 9.5 2.4 1.1 0.0 0.4
76 1.6 0.6 0.6 0.0 | 0.0 0.0 0.0 0.0 0.0
108 0.3 0.3 0.2 0.0 1 0.0 0.0 0.0 0.0 0.0
IB-5 1.1 1.8 i 0.9 o.o  i 0.0 0.0 0.0 0.0 0.0
115 0.6 1.1 ! 0.1 0.0 I 0.4 0.3 0.0 0.0 0.0
118 0.3 0.3 | 0.3 o.o ! 0.6 0.3 0.0 0.0 0.0
94 0.8 1.7 1 0.2 o.o ! 0.0 0.0 0.0 0.0 0.0
IB-3 1.3 1.2 j 0.1 0.0 1 0.0 0.0 0.0 0.0 0.0
97 0.2 12  i OS 0.0 1 0.2 0.0 0.0 0.0 0.0
IB-4 1.8 2.1 | 0.1 o.o ! 0.0 0.0 0.0 0.0 0.0
107 1.0 0.7 i 0.4 o.o | 0.0 0.0 0.0 0.0 0.0
64 2.3 2.6 ; 0.6 0.0 ; 0.0 0.0 0.0 0.0 0.0
55 0.9 ! 5.3 1 0.5 o.o ! 0.0 0.0 0.0 0.0 0.0
98 0.3 0.2 1 0-2 0.0 1 02 0.0 0.2 0.0 0.0
DTC-2 1.6 ; 4.7 i 0.8 0.0 i 0.0 0.0 0.0 0.0 0.0
DTC-3 1.8 ! 5.1 i 1.0 0.0 1 0.0 0.0 0.0 0.0 0.0
77 2.0 ; 6.3 0.3 0.0 ' 0.0 0.0 0.0 0.0 0.0
DTC-4 1-3 ! 2-3 | 0.2 0.0 i 0.0 0.0 0.0 0.0 0.0
PBTD-2 0.8 3.6 | 02 0.0 i 0.0 0.0 0.0 0.0 0.0
37 1.4 ! 3.6 I 1.2 0.0 i 0.2 0.0 0.0 0.0 0.0
71 i.7  ; 5.2 | 0.8 0.0 | 0.2 0.0 0.0 0.0 0.0
78 2-3 | 8.1 j 0.9 0.0 i 02 0.0 0.0 0.0 0.0
99 0.4 i 1.4 ! 0.2 0.0 ! 0.0 0.2 0.0 0.0 0.0
116 0.4 I 0.4 | 0.3 0.0 i 0.1 0.0 0.0 0.0 0.0
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DTC-6 0.8 21 0.2 0.0 0.0 0.0 0.0 0.0 0.0
105 0.5 0.8 0.2 0.0 i 0.0 0.0 0.0 0.0 0.0
D1-S3 2.4 1.2 1.8 i 6.0 15.1 21 u 0.0 0.3
56 1.3 1 3.4 1.1 0.0 0.0 0.0 0.0 0.0 ! 0.0
93 1.3 26 OZ ! o.o 0.0 0.0 0.0 0.0 0.0
57 1.4 3.9 0.6 0.0 0.0 0.0 0.0 0.0 0.0
92 0.8 2.1 1J ! 0.0 Z4 0.0 0.0 0.0 0.0
104 OZ 0.7 0.3 ! 0.0 i 0.0 0.0 0.0 ! 0.0 ! o.o
63 1.4 5.9 1.1 ! o.o i 0.0 0.0 0.0 0.0 0.0
79 1.7 5.4 1.0 ! 0.0 1 0.0 0.0 0.0 ; o.o i 0.0
PBTD-3 1.0 1-4 0.4 ! o.o 0.0 0.0 0.0 I 0.0 : o.o
69 0.1 3.2 0.3 0.0 0.1 0.0 0.0 0.0 0.0
IB-6/1 1.2 2.9 0.4 ! o.o ' 0.0 0.2 0.0 0.0 ; 0.0
IB-6/2 0.2 24 OZ ; o.o 0.0 0.0 0.0 0.0 0.0
D15-S1 2.8 1.1 0.5 i i-i 14.1 IZ 0.7 o z ! 0.0
D2-S1 1.3 1.3 0.2 1.5 1.7 0.2 0.0 0.0 ! 0.0
100 0.0 i.o  ; 2.6 8.9 6.3 26 1.0 ' 0.0 0.0
D1-S4 0.9 0.1 3.1 4.4 13.9 28 1.0 0.0 0.1
DTC-S 1.2 6.0 0.8 0.0 0.0 0.0 0.0 0.0 i 0.0
NYPA 1.8 ! 6.3 OZ 0.0 0.0 0.0 ! 0.0 0.0 ! o.o
CBTD-11 1.4 i.8  ; 0.9 0.0 0.0 0.0 0.0 0.0 j 0.0
62 Z2 i 4.3 i 0.7 0.0 0.0 0.0 0.0 0.0 i 0.0
CBTD-12 1.9 3.6 0.6 0.0 0.0 0.0 0.0 0.0 i 0.0
CBTD-13 1.8 2.0 ! 0.4 0.0 0.0 0.0 0.0 0.0 i 0.0
102 1.0 2.6 j OZ 0.0 0.2 0.0 0.0 0.0 I 0.0
58 1.3 1.8 0.6 0.0 0.2 0.0 0.0 0.0 0.0
CBTD-14 0.8 3.3 i 0.8 0.0 0.0 0.0 0.0 0.0 0.0
117 1.3 2.0 1.1 0.0 0.4 0.1 0.0 0.0 0.0
91 0.9 2-7 1 0.4 0.0 0.1 0.0 0.0 0.0 0.0
80 1.4 4.2 ! 1.0 0.0 0.1 0.0 0.0 0.0 0.0
D1-S5 2.0 4.3 0.5 0.0 OZ 1 o z 0.0 0.0 0.0
101 2.6 3.0 I 1Z 0.0 o z  1 0.0 0.0 0.0 0.0
68 1.5 3.5 ; 0.6 0.0 0.0 ! 0.0 0.0 0.0 0.0
D2-S2 23 l.o  ! 1.9 2-5 5.6 1.0 0.4 0.0 0.0
JS-20 1.7 2.7 ; 0.6 0.0 0.6 0.0 0.0 0.0 0.0
81 1.4 1.0 ! IZ 0.0 1.2 ! 0.0 0.0 0.0 0.0
JS-21 1.4 2.2 ! 0.8 0.4 0.4 0.0 0.0 0.0 0.0
61 1.0 3.9 ! 0.5 0.0 0.3 | 0.0 0.0 0.0 0.0
DD8/2 0.0 1.1 ! OZ 0.0 0.0 | 0.0 0.0 0.0 0.0
DD8/1 0.0 1.8 i 0.7 0.0 0.0 I 0.0 0.0 0.0 0.0
JS-11 1.9 0.3 ! 3Z IZ 19.1 ! 3.0 0.7 0.0 o z
JS-22 2.4 5.0 ! 0.4 0.7 3.1 1 0.9 0.4 0.0 0.0
88 0.4 o.8 ; 0.0 0.0 0.1 i 0.0 0.0 0.0 0.0
DDl 0.0 0.9 | 1.5 0.0 0.0 | 0.0 0.0 0.0 0.0
89 0.0 0.0 0.0 0.0 0.0 j 0.4 0.0 0.0 0.0
DIM-A/1 0.2 4.7 | 1.6 0.0 0.0 | 0.0 0.0 0.0 0.0
DIM-A/2 0.0 0.0 1 0.0 0.0 0.0 i 0.0 0.0 0.0 0.0
D3-S1 1.7 3.1 ! 0.9 1.8 2.6 | 0.0 o z 0.0 0.0
DD2/2 IZ o z  i 0.8 0.0 0.0 1 0.4 0.0 0.0 0.0
DD2/1 0.2 1.8 ! 0.7 0.0 o.o ! 0.0 0.0 0.0 0.0
D15-S3 2.8 0.3 0.9 4.0 21.9 | 4Z 0.7 o z 0.0
JS-I9 1.4 5.5 I 0.4 OZ 0.6 I 0.0 0.0 0.0 0.0
DDS/2 0.0 0.0 1 0.0 0.0 0.7 ! 0.0 0.0 0.0 0.0
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DD5/1 0.9 2.9 1.3 0.0 0.0 0.0 0.0 0.0 0.0
D2-S3 2.2 0.4 2.2 2.0 16.4 s a 2 0 0.0 0.0
DD6 1.0 1.6 l 1.8 0.0 ! 0.0 o a 0.0 0.0 0.0
60 0.8 4.1 12 0.0 o a 0.0 0.0 0.0 ! 0.0
P10-S4 1.7 0.4 1.7 ' 5.9 19.0 3.1 o a o a 0.0
83 1.3 4.6 0 5 0.0 i 0.2 0.0 0.0 0.0 0.0
JS-18 0.9 3.9 1.1 0.0 0.4 0.0 0.0 0.2 i 0.0
JS-37 1.2 2 9 0 2 0.2 0.6 0.2 0.0 0.0 0.0
D3-S2 2.8 1.7 2.6 2.0 12.9 0.9 0.6 o a 0.0
JS-17 1.9 4.8 ; 0.4 i 1.0 ! 0.8 0.4 0.0 0.0 ! 0.0
86 0.6 0.6 ! 0 2 1 0.0 ; 0.3 0.0 0.0 o.o ! 0.0
D4-S1 2.2 3.0 0.8 1 0.0 2.9 0.0 0.0 0.0 0.0
j s - s o 1.0 3.3 0.2 o a i 1.0 0.0 0.0 0.0 1 0.0
JS-13 1.3 0.2 ' 2.2 ! 3.1 51.0 5.3 1.1 0.0 i 0.4
D2-S4 0.9 1.0 4.8 ! 1.4 23.2 1.9 0.9 o a 0.0
JS-49 1.0 2.8 0.7 i 0 5 1.0 o a 0.0 i 0.0 0.0
JS-43 0.9 3.0 0.9 i 0.0 o a 0.0 1 0.0 0.0 0.0
D5-S1 2.6 3.2 ! 0.8 ! 0.4 0.6 0.0 0.0 0.0 I 0.0
JS-42 12 2.8 i 0.4 1 0.0 o a 0.0 1 0.0 0.0 i 0.0
JS-41 0.6 15 ! 0.0 ! o a o a o.o j 0.0 0.0 : 0.0
D3-S3 1.8 0.4 3.3 I 2.0 23.7 3.1 1 2 7 0.2 ! 0.6
JS-15 4.4 0.6 15 15 13.2 2 7  i 0.8 0.0 | o a
D4-S2 35 0.9 ! 1.9 ; l a 8.7 0 5 0.9 0.0 i 0.0
D9-S1 3.7 3.1 0.4 i 1.7 1.9 o a  | 0.2 0.0 ! 0.0
D8-S1 2.9 4.2 ! 1.2 i 0.0 0.0 o a  i 0.0 0.0 , 0.0
D10-S2 3.4 2.0 0.4 ! 4.9 9.9 2.8 0.4 0.0 ' 0.0
JS-33 2.7 021 i 0.6 ! 0.8 9 5 1.0 i 0.0 o.o ! 0.0
D5-S2 2*5 1-1 i 0.9 I 7.7 10.9 3.0 ! 1.4 0.0 i 0.0
D4-S3 2.5 | 0.8 j 2.3 I 0.4 33.3 | 223 | 1.0 o a  ! 0.4
D8-S2 1.9 ! 15  i 1.1 ! 4.9 7.0 0.9 1 0.0 0.0 i 0.0
D9-S2 1-8 i i.o  ! 1.3 i 3.9 6-4 1 0 5  | 0.3 0.3 | 0.0
D3-S4 0.7 | o.o ! 1.7 ! 7 a  ' 14.1 | 2 6  | o a o a  ! o a
D5-S3 3.0 , 0.4 ! 0.2 ! 0.6 2 6  ! i.o  ! 0.2 0.0 i 0.0
D10-S3 0.4 ; 0.4 1.0 ! 1.4 7 2 6  | 6.0 | 0.8 0.0 i 0.4
D12-P20 2.0 i 0.0 i 2.9 i 0.7 64.8 ! 4 a 15 0.0 I 0.4
D8-S3 3.7 i 1.0 i 0 5 1 1.0 7.6 | 0.7 ! 0.0 0.0 i 0.0
D4-S4 1.2 1 0.0 i 3.7 I 4 a 6 2 3  I 11.4 i 21 0.0 ! o a
D9-S3 1.7 0.7 ' 2.1 j 1423 37.1 | 4.9 1 21 0.7 ! 0.0
D12-S4 1.7 i 0.2 i 3.3 ! 1.3 4 4 5  | 2 0  ! 0.9 0.0 1 0.7
D5-S4 1.6 I 0.0 i 0.0 ! o.o 1 32.8 | 20.3 I 0.0 o.o ! 0.0
D6-S4 0.6 ; 0.0 i 0.9 ! 2.7 71.3 ! 16.3 i 0.6 0.3 i 0.3
D8-S4 0.7 | o.o ! 3 5 ! 5.2 36.4 1 5.6 | 21 0.0 i 0.0
JS-28 i . i  ! 0.0 1 2.7 j s a 5 7 5  i 6.4 1.8 0.4 i 0.0
JS-39 0.3 0.0 i 1.3 1 4.3 69.4 I 12.9 ! 1.8 0.3 i 0.0
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Sam ple TOC W a te r ' W ater W ater W ate r W ater W ate r W ater Sedim ent Sediment , Sed.
Station dep th  I sn rfacr bottom surface bottom I snrfacc ; bottom pH Eh tem p.
salinity u lin h v r a n * r a n r a i tem p. temp.
(tn> ' <%o> (%o> (ml/1) (ml/l) r c i C C) (mV> (*C )
4 0.68 6 0 24 1.8 4.5 28 28.4 6 i 56.6 28.1
5 0.60 5 : 0 0 2 ■> 28 3 28.5 6.28 : 28.3
6 0.60 i i 0 0 21 2 28.3 ! 28.5 6-29 42.8 27.8
7 0.55 9 0 0 0.99 0.99 28 282 6.4 36.7 28
8 0.60 13 ■ 0 0 1.05 1 28.3 1 28.3 6.62 21-3 : 28.3
10 2.09 10 0 4 1 2 1.8 28 ! 28 7.24 19.3 ; 28.i
12 2.15 7 0 15 2 3 5 3.8 i 28 1 28.3 6.95 1.4 ; 28.4
13 3.92 5 0 ? 3.4 24 28 28 7.2 i 15.5 : 28.6
15 2.04 5 1 2 27 2 3 8 4.3 28.1 28.8 6.9 t ! 29.3
18 2.92 8 , 8 8 4.3 4.3 29.4 ; 29.4 7.4 28 28.9
20 1.96 8 8 32 5.6 7 29.5 28.5 7.37 i 26.2 29.6
21 2.02 7 i 5 29 3.5 6.4 29.4 29 6.45 265 29.6
23 2.02 1.5 : 1 4 3.6 3.4 28.8 28.8 7.48 31.9 ; 28.4
24 2.22 I t 0 24 3 2 5.6 28.8 28.8 6.23 41.9 28.8
25 2.30 3 i 0 18 3.7 3.8 29 28 6.35 34.8 1 29.3
27 33.99 0  1 0 0 . 6.79 9.3 27-2
28 2.01 : 6 ! 0 0 1.4 1.3 28.3 28.3 6.54 1 23.8 28.1
29 1.33 : 2 : 0 0 0.77 0.66 28.3 28.3 6.53 175 28.7
30 1.34 6 0 24 ! 1.5 2 9 i 28.3 28 6.81 ! 4.3 29
33 2.99 i 1-5 ! 0 2 i 1.6 1.4 28.6 28.8 6.11 ! 44.2 2 9 5
34 0.87 ; 2 1 0 i 2 ! 2 6 1.8 28.9 28.4 7.38 i -29 29
35 1.72 I 3-5 ; I 2 I 2 2 1.8 28.9 28.4 6.63 16 29
36 0.83 i 2 i 4 j to  ! 2 8 3.1 29 28.6 7.16 -15.6 29
37 1.76 2 5  i 12 22 i 6 5.6 29.5 29 7.37 -27.8 29.8
44 1.13 I 15  1 0 0 1 1.6 1.1 29.5 29 6.9 0 5 29.1
45 0.35 ; 8-5 i 0 0 ! I 0.8 29 28.5 6.02 50.9 25
46 0.24 I 8 i o ! 0 1 1 0.99 28.9 28.8 6.21 40.7 28.6
47 2.99 1 4 1 0 0 ! 1 1 28.9 28.8 6.49 25.3 29.1
48 3.06 | 7 0 i 0  1 0.6 0.6 28.3 28.3 5.81 68.3 28.3
49 3.54 ; 4 ‘ 4 : 5 i 3 2 2 27 3 27.4 6.75 155 28.1
50 2.78 ! 15 I 5 1 22 | 2 8 22 28 28.5 6.69 17.9 29
51 2.09 1 3 1 5 5 1 2 2 28.6 28.7 6.39 3 6 ^ 29.1
52 4.38 i 16 ; 5 18 • 1.8 22 28.5 28.4 6.94 4.1 29
53 2.90 | 2 l 5 5 | 2 1.95 28.5 28 6.92 5.8 28.7
54 4.92 ! 17 i 4 : 22 ! 1.8 2 2 28.6 28.3 6.69 18.6 28.4
55 2.07 : 2 i 7 ! 15 • 2 8 28 28.9 28.9 6.88 6.2 29
56 2.66 : 3 1 16 25 3.7 28 29 28.6 7.19 -105 28.8
57 0.61 | 5 ! 15 ! 25 ; 3 2 32 29 28 3 7.07 -2.9 29.3
58 3.98 i 1 22 i 23 i 5 2 5.2 30 30 6.92 4.4 29.3
60 2.98 i 2 1 18 29 | 5 2 5.1 29.2 29 7.38 -215 2 9 5
61 2.25 j 3 i 16 I 15 ; 5.4 5 30 30 7236 -20.2 28.9
62 231 | 2 ! 12 1 13 ! 6 i 5.8 30 30 : 7.22 -13.4 29.4
63 211 ' 8 ! 3 i 20 1 3 2  i 29 29.5 28.5 6.82 10.7 2 8 5
64 0.60 i 5.5 | 2 | 5 j 2 7  | 23 29 285  ! 6.82 4.4 28.3
65 0.16 1 4.5 I 0 i o ! 1.98 i 1.9 29 29 I 7.23 -185 28.6
68 2 3 8  i S3 i 25 | 25 ! 4-8 .. 4.6 28 3 28.5 ! 7.35 -23.8 2 9 5
69 2 7 5  j 18 ! 20 ! 24 1 3.6 , 3.6 2S3 28.5 I 6.98 -3.3 28.6
71 1.61 : I 1 12 14 I 3.8 i 3.8 29 29 i 7.14 11.4 29.1
74 4.28 | 13 I 12 ! 20 | 2 4  | 2 8 27.9 28 7.17 -13.6 28.4
75 8.94 ! 4 ! 12 1 14 1 2 4  | 2 273 27.5 1 7.05 -6.2 27.9
76 0.09 1 4 I 2 ! 0 i 1 1 1 2 8 2 28.2 ! 5.95 59.3 27.8
77 5.89 | 11 1 0 1 0  ! 1.1 | 1.1 28.1 28.2 ! 7.05 -5 5 27.8
78 1.53 i 4 1 o ! 0  i 1.1 _ [ 1.1 28 28.3 | 6.54 23.4 2 8 5
79 1.20 1 6 1 o 1 0 i 1.3 I 28 28 7.08 -8.6 28 3
80 1.48 i 4 1 3 ! 15 I 4 ! 2 28 28 6.29 39.6 28.6
81 0.09 i > 1 6 1 6 1 2 9  | 2 9 2»3 28.3 1 6.98 -222 2 8 5
83 1.68 1 23 i 27 1 35 ! 5 2  I 5.7 28 28 ; 7.42 -28.8 28.6
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86 0.06 2 30 25 5 5 29 29 7.85 -43.4 3 0 5
88 3.34 4 26 26 4.7 4.6 29 29 7.4 -25.9 29.3
89 26.50 0 ' 0 0 . . 6.8 9.1 34.2
91 0.52 6 22 1 25 4 ! 3.8 29 28.9 7.44 -30 28.9
92 0.06 3 ! 10 25 2.8 29 28.4 28.2 6.93 0.8 28.3
93 4.00 1 15 15 ! 2.6 26 28.8 28.8 6.94 1.1 29.3
94 2.95 5 8 7 2.1 ; 28.3 28.1 6.47 28.8 28.1
95 2.31 11 25 26 3.6 3.8 29 29.1 7.45 -295 28.8
97 2.97 2 30 30 4.7 4.8 29 29 7.36 1 -21.7 i 28.9
98 0.89 4.5 35 33 5.4 5.4 29 ! 28.6 7.47 -31.9 i 29
99 1.65 5 : 34 33 5.8 5.6 282 28.1 ! 753 I -31.8 i 28.8
100 1.04 : 25 33 34 . 5.8 i 5.6 2 8 2 28.2 7.62 -39.1 29.1
101 1.84 28 , 30 34 5.5 5.6 29 1 28.8 7 5 5 -34 ! 28.6
102 0.27 2 : 33 ! 31 5.4 55 : 28.9 28.9 7 5 6 -36.1 ! 29.7
104 4.15 5 : 8 10 23 2 2 285 ! 28.9 7.02 i -3 i 30.6
105 1.78 1.5 5 3 1.4 ' 15 285 285 6.78 11.1 29.6
107 1.57 2 0 1 ; l 1 ; Z8.6 i 28.7 7 5 8 -19.1 j 29 J
108 0.66 12 : 0 2 ! 1.1 2 4 28.1 1 285 7 53 -16 ; 28.8
111 2.40 u  i 0 0 ! 0.9 ! I 28.6 285 6.45 i 27.7 i 28.8
112 3.13 4 i 0 0 0.9 ! 0.7 28.7 1 28.8 6 i 55 28.4
113 3.29 12 1 0 0 1.2 ! 1-2 i 28.7 28.9 6.67 ! 13.9 28.6
115 0.70 5 : 32 32 5.85 5.8 29.1 29 7.34 i -23 29
116 0 5 5 3 ! 32 32 5.6 5.4 295 1 29.1 7 5 7 -335 , 305
117 0.61 12 34 34 5.5 5.4 29 28.2 7 5 5 i -36.9 29.4
118 0.18 1.5 : 35 35 53 0.1 29.8 i 30 7 5 2 -33.7 32.4
119 4.73 ! 5 5 2 1.4 i 0.4 2 8 5 I 285 5.99 ' 58.1 28
120 1.84 ; 3 i 0 0 15 15 28.9 l 28.9 6.35 35.3 28.7
121 1.37 i 2 ; 0 0 13. 1.2 28.2 ! 285 5.97 59 28.4
122 3.69 1 1 ! 0 0 1.1 1.4 28 ! 28.2 6.4 32.8 2 85
123 3-SI 1 | 0 0 1.4 1.4 28.6 28.8 6.88 5 5 28.4
3 1.60 > 6 ! 0 20 2.1 4.6 28 285 6.9 7.4 285
11 2.76 i 7 | 0 16 1.5 1.4 28 28 6.67 14.7 28.1
14 2.32 ; 7 j 0 22 4 4.9 28 285 6.8 8.1 29.4
16 8  ! 4 27 2 5 6 2 8 2 29 7.09 105 29.1
17 3.00 1 4 6 4.2 4 3 2 8 2 28.2 7.6 26.1 29.4
19 0.80 6 ! 8 30 4.6 7 29.4 29 7.42 305 29.6
22 1.71 1 j 2 3 3.8 3.6 2 9 5 295 7 5 4 21.6 29.6
32 1.36 4 0 0 1.7 1-4 28.3 285 6.87 1.7 28.9
38 0.77 1.5 : 9 10 1.6 1.65 29.8 29.8 7.46 -32 29.8
39 3-59 1 ; 13 19 4.4 4 2 2 9 5 27 7.22 -19.2 295
40 6.5 ; 8 29 3.6 4.4 28.8 29 6.86 -3.3 295
41 2.37 12 i 6 26 3.6 4 30 285 7.12 -13 29.1
42 2.29 12 ; 6 25 3.4 4.1 29.9 265 7.4 -29 29.1
43 4.96 7 | 8 24 3.9 3.4 29 285 6 5 4 21 29.1
59 3.18 2 26 26 53 53 30 30 7.03 -2-9 29.6
66 1.97 6 : 21 23 I 4.15 285 285 7.3 -18.9 28.8
67 3.56 I i 24 24 4 3 4.2 28.9 28.9 7 5 6 -20.1 29.1
70 2.39 16.5 | 15 25 3 3.2 2 8 5 285 7.36 -26 28.8
72 4.76 1 i 8 8 24 2 4 28.9 28.9 6.84 5 5 28.7
73 4.60 13 I 10 24 2 5 3.4 2 8 5 28.3 6.89 2 5 285
82 1.99 2 1 20 21 3.9 4.1 28.1 28 6 5 3 25.6 28.4
84 2.43 22 j 30 35 5 5.7 28.6 28 7.43 -27.6 28.8
85 0.64 2 ! 30 30 4.9 4.9 28.8 28.8 7.62 -39.7 28.6
87 4.73 5 ! 26 26 4.7 4.6 29 28.9 7.34 -23.7 30
90 0.07 7 1 28 25 4.6 4.4 29 29 7.48 -3 0 5 2 9 5
96 4.22 11 1 27 29 4 3 4 2 29 29 3 7.36 -2 2 5 28.8
103 2.57 4 1 13 30 3.8 4 5 28.4 28.3 7 5 8  . -10.4 25
106 1-21 4 ! 0 0 0.85 0.9 2 8 5 28.7 6.9 4.3 ' 29.4
109 2.26 5 j 0 0 13 1 2 28.1 285 6 . 8 2 6 28.6
114 2.19 6  I 5 7 2 2 2 6 2 85 28 -2.9 2 8 5
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